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ABSTRACT
Estrone, 17β-estradiol (E2), and estriol are three of the most relevant natural
hormones and are often found to contaminate the environment. When emanating from
endogenous sources, these three compounds are not toxic or of concern; however, when
estrogens are released into the environment from wastewater effluent they become a
concern. The overall goal of the project was to evaluate abiotic and biotic techniques for
removal of E2 and to quantify survival and reproduction impacts on an algal species and
on an invertebrate species. We accomplished this goal by: 1) quantifying E2 sorption
rates to crushed brick, an industrial mineral aggregate (calcined clay) and sand media by
exposing each to increasing concentrations of E2; 2) determining the removal efficacy of
E2 by the three media from wastewater sources in a pilot scale fixed bed bioreactor; 3)
defining the capacity of algal cells to facilitate E2 removal whether via sorption or
metabolism-aided degradation processes; 4) establishing the impacts of increasing E2
concentrations on the density and growth of algal communities; 5) determining if foodborne exposure was a critical exposure route to invertebrate species by feeding Daphnia
magna E2 inoculated algae; and 6) assessing the impact of aqueous E2 exposure on the
survival and reproduction of D. magna for two generations.
Sorption onto mineral media, activated sludge, and extended sludge retention time
are key processes influencing EDC degradation in wastewater treatment facilities.
Calcined clay sorbed significantly more E2 from simulated wastewater than either
crushed brick or sand. At concentrations less than 100 ng/L E2, the clay media sorbed
more than 60% of E2 from solution. When the three media were tested in a static bed
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biofilter to examine both sorption and biodegradation by bacterial films established in the
biofilter, nearly all the E2 was removed from solution after 24 hours in the fixed-bed
bioreactor filled with clay. Wastewater collected directly from the activated sludge unit
and the final settling stage were spiked with E2; the concentration E2 in solution was
reduced to below our detection limits (nearly 0 ng/L) after as little as four hours
(activated sludge) to 24 hours (final settling stage), with no media added to provide
surface area for microbial colonization.
Increasing densities of algal (Pseudokirchneriella subcapitata) populations
enhanced removal of E2 from wastewater over a 24-hour period. At algal densities > 24
million cells/mL more than 95% of E2 was removed from solution. When algal
populations of the same density (12 million cells/mL) were exposed to increasing
concentrations of E2 over a 24-hour period, between 85 and 100% of aqueous E2 was
removed at 55, 500 and 1000 ng/L exposure concentrations. Removal of E2 by algae
exposed to higher concentrations (3000 and 10000 ng/L) of E2 averaged ≤ 90%, and both
exposure concentrations were significantly different (P = 0.05) from lower concentrations
(55, 500 and 1000 ng/L). Results suggest that sorption to organic material and
photodegradation are not the main mechanisms driving E2 removal from aqueous
solution, but rather that biological processes (metabolism and degradation) are the
primary removal mechanisms in these lab-scale algal treatment systems.
Finally, invertebrate organisms offer a unique opportunity to evaluate endocrine
disruption activity in lower food level organisms. Daphnia magna were utilized as a
model organism to characterize the effects of E2 on food chain micro-fauna. Endpoints
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evaluated were the survival and reproduction of D. magna after exposure to E2. Survival
and reproduction were recorded for both the first and second generation of D. magna.
During the second generation D. magna experiments, neonates from the first generation
experiments were collected and divided into a group subjected to continued E2 exposure
and a group where E2 was removed and recovery/depuration permitted. Results for foodborne exposure expressed E2 influence on D. magna populations via aqueous exposure
(bioconcentration) and not by way of food-borne exposure (bioaccumulation). The three
aqueous exposure results emphasized generational effects of E2 exposure to D. magna,
indicating potential generational effects were possible with carryover impacts magnified
in second generation organisms, if exposure to E2 was not removed. When E2 exposure
ceased, D. magna recovered almost immediately and reproduced at levels similar to
control organisms. Results from these experiments will give some insight into treatment
processes to aid in reduction or removal of E2. Reducing E2 levels entering the natural
environment can be beneficial in maintaining a healthy balanced ecosystem.
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PREFACE
Removal of endocrine disrupting compounds (EDCs) from domestic wastewater
is a major concern for the safety of human health and the environment. Human derived
EDCs, such as E2 and estrone, are present in domestic wastewater effluent at levels high
enough to endanger normal endocrine functions of aquatic organisms, leading to
decreased fecundity and feminization. The overall goal of the project was to evaluate
abiotic and biotic techniques for removal of E2 and quantify survival and reproduction
impacts on Daphnia magna. This was accomplished by the following objectives: 1)
quantifying E2 sorption rates to brick, calcined clay, and sand media by exposing each
media to increasing concentrations of E2; 2) determining the removal efficacy of E2 by
the three media from wastewater sources in a pilot scale fixed bed bioreactor; 3) defining
the capacity of algal cells to facilitate E2 removal whether via sorption or metabolismaided degradation processes; 4) establishing the impacts of increasing E2 concentrations
on the density and growth of algal communities; 5)determining if food-borne exposure
was a critical exposure route to invertebrate species by feeding D. magna E2 inoculated
algae; and 6) assessing the impact of aqueous E2 exposure on the survival and
reproduction of D. magna for two generations.
This dissertation contains a literature review describing E2 production and
pathways into the environment, past and current work with techniques reducing or
eliminating E2 in wastewater and effects on food chain organisms. The dissertation also
contains three sections. Chapter 2 describes sorption of E2 to three media and the use of
them in a bioreactor to enhance degradation processes (Objectives 1-2). Chapter 3

xviii

assesses the use of algae as a biotic substrate for removal of E2 and concentration effects
of algal density (Objectives 3-4). Finally, the Chapter 4 evaluates E2 exposure to D.
magna and its impact on survival and reproduction (Objectives 5-6).
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CHAPTER 1: LITERATURE REVIEW
Endocrine disrupting compounds and health effects
Xenoestrogens are exogenous, estrogenic compounds that can interfere with
physiological functions such as production, release, transport, metabolism, binding,
activity, or elimination of natural hormones involved with maintenance of homeostasis
(Kavlock et al., 1996). Xenoestrogens are classified as endocrine disrupting compounds
(EDCs) and are considered of interest by both the scientific community and popular
media. Adverse effects such as compromised reproductive fitness, functional or
morphological birth defects, cancer, and altered immune functions have all been reported
in the scientific press for wildlife, such as alligators (Guillette et al., 1995), fish (Barber
et al., 2012; Vajda et al., 2011) and several invertebrates (Jukosky et al., 2008; Lai et al.,
2002; Oehlmann et al., 2007). Both in vitro and in vivo studies including a variety of
anthropogenic and naturally occurring EDCs have verified these results (Colborn et al.,
1993; Kavlock et al., 1996; Kavlock and Ankley, 1996; Tyler et al., 1998). The primary
mechanism by which EDCs impact organisms involves EDC binding to a hormone
receptor. After binding, the EDC can act either as an agonist or antagonist, modulating
endogenous hormone levels (Dawson, 2000). Most EDCs act as estrogen mimics and
bind to the estrogen receptor (Rodgers-Gray et al., 2000). Estrogen receptor agonists, in
the absence of endogenous ligands such as 17β-estradiol, can stimulate processes
dependent upon the receptor (Danzo, 1997). Estrone, 17β-estradiol, and estriol are three
of the most relevant natural hormones and are often found to contaminate the
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environment. These three compounds are not toxic or of concern when from endogenous
sources that are well regulated; however, when exogenous estrogens are released into the
environment they become a concern.

Structure and properties of natural estrogenic compounds
Estrone, 17β-estradiol, and estriol are estrogenic compounds that are primarily
produced in the follicles in the ovaries (Figure 1-1). Low basal levels of estrogens are
also observed in males (Keenan et al., 2008). Estrone is predominant in menopausal
women, and estriol is the predominant hormone in pregnant females.

Figure 1-1. Chemical structures of three natural estrogenic compounds found in
wastewater effluent.

17β-estradiol is derived from testosterone and is the predominant hormone in
nonpregnant females. 17β-estradiol, like other steroids, is derived from cholesterol and
once side chain cleavage occurs, androstenedione is produced and becomes the key
transitional component (Kolodziej et al., 2003). A portion of the androsterone is
converted to testosterone, which undergoes conversion to 17β-estradiol by an enzyme
known as aromatase (Figure 1-2). Likewise an alternate pathway includes androsterone
aromatized to estrone, which is then converted to 17β-estradiol. In the natural
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environment, estrone and 17β-estradiol are interconverted by the enzyme 17β-HSD (17β-hydroxysteroid dehydrogenase), light, or biological activity before degradation (Ge et
al., 2009; Mazellier et al., 2008). The physical-chemical properties of estrone, 17βestradiol, and estriol impact their environmental fate (Table 1-1). Low solubility and Kow
values for the three compounds represent a lipophilic tendency, meaning the compounds
tend to favor attachment to a solid substrate instead of dissolved in aqueous solution.

Figure 1-2. Steroidogenic pathway facilitating conversion of cholesterol to
testosterone or androsterone and ultimately by aromatase enzymatic activity into
estrone and estradiol (Boron and Boulpaep, 2003).
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Table 1-1. Physical-chemical properties of estrone, 17β-estradiol, estriol.
PhysicalUnits
estrone
17β-estradiol
estriol
Chemical
Properties
CAS1

53-16-7

50-28-2

50-27-1

[-]

3.1-3.4

3.1-4.0

2.6-2.8

Mi2

[g/mol]

270.4

272.4

288.4

Ciwsat 2

[g/m³]

6.6

8.6

8.25

Pi2

[Pa]

3*10-8

3*10-8

9*10-13

Sw2

[mg/L]

0.8-12.4

3.9-13.3

3.2-13.3

pKa2

[-]

10.3-10.8

10.5-10.7

10.4

LogKiow2

1

Chemdat®; 2Hanselman et al., 2003; 2Lai et al., 2010.

Commercial Use of Estrogens
17β-estradiol is the most widely marketed of the three compounds and is available
for use in many different forms: oral versions, transdermal patches, ointments, injection,
vaginal ointments, and vaginal rings. 17α-estradiol (ethinylestradiol) is formed with the
addition of an alkyl group at the C3 position, is sometimes used to enhance uptake and
distribution within the human body, and is common for birth control brands. Estrone is
derived from androsterone and is considered a weaker hormone when compared to 17βestradiol and estriol (Metcalfe et al., 2001; Shi et al., 2010) (Figure 1-2). Steroidal
hormones, like 17β-estradiol, are sometimes synthetic and used in pharmaceuticals to
maintain nonpregnant hormone levels and prevent pregnancy. All three chemicals
interact with the estrogen receptor and readily diffuse across membranes.
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Sources and Fate in the Environment
Production from Humans
Hormones produced by humans and animals are released into the environment on
a continual basis. Steroid hormones are very stable and are excreted either in the
endogenous, active form or as conjugates that are easily bio-transformed into the free
form. Human females excrete about 5 µg/day each of estrone and 17β-estradiol
(Hoffmann and Evers, 1986). Daily excretion rates can be as high as 10 and 100 µg by
cycling woman (Table 1-2), depending on the cycle phase (Hoffmann and Evers, 1986).
Table 1-2. Typical concentration of estrogenic compounds1 produced by human
females.
Steroid
Produced
Excreted in
Phase
(µg/day)
Urine
(µg/day)
13
0
pre-puberty
17β-Estradiol

1

17β-Estradiol

82-695

0.3-5

cycling

Estrone

41

0

pre-puberty

Estrone

110-497

2-20

cycling

Estriol

0

3-65

pregnant

Hoffmann and Evers, 1986.

The amount of estrogens, mainly estriol, excreted by pregnant women can be 1000 times
higher, depending upon the stage of pregnancy. Estrone and 17β-estradiol are excreted in
human urine at the rate of 4.4 kg/yr/one million inhabitants. This estimate could account
for 50% of the estrogen in the influents to wastewater treatment plants (Johnson et al.,
2000).
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Production from Livestock
Animal manure is a major source of the natural steroids that enter the
environment (Knight, 1980). Lange et al. (2002) calculated the total output of domestic
animals in tons/yr and determined that a large proportion of the estrogen hormone
produced is found in feces of cattle and chickens (Table 1-3). Most of the estrogen
excreted in cow feces is during the last trimester of pregnancy, and nearly all of the
estrone and 17β-estradiol excreted are in the free form (Gaulke et al., 2009).
Table 1-3. Estimated yearly steroid hormone excretion (tons/yr)1 by farm animals
in the United States.
Species
Head (million) Estrogen
(tons/yr)
98
45
Cattle
59
0.83
Pigs
7.7
0.09
Sheep
1816
2.7
Chickens
1981
49
Total
1

Lange et al., 2002.

Reports released by the dairy industry, indicate values ranging from 600 - 1600 µg
estrogen/kg total solids from dairy farm effluent slurries (Lange et al., 2002). Values for
chicken manure are lower than for cattle, but concentrations of estrogen excreted in
chicken manure are still high. Chicken manure contains up to 533 µg estrogen/kg dry
matter (Shore et al., 1995). 17β-estradiol and estrone are the main hormones excreted by
chickens. Excretion of estrogens in urine by laying and non-laying hens was about 3 and
2 µg/d for 17β-estradiol and 3 and 0.5 µg/d for estrone, respectively (Johnson and Van
Tienhoven, 1981).
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The rate of poultry litter and cattle manure applied as fertilizer amendments to
fields will likely increase substantially over the next decade, as manure management
programs are emphasized as best management practices (Sarmah et al., 2006; Schuh et
al., 2011; Vanotti et al., 2007). In addition, estrogen excretion values are important
because of the amount of manure used for fertilizer on cropland and grasslands, as well as
the resistance of these organic compounds to degradation. These estrogen compounds
are captured and trapped and when applied as fertilizer some degradation takes place in
the soil. However, during storm events, estrogenic compounds can be suspended in
solution with runoff and enter surface water bodies, where they adversely impact the
health of aquatic organisms.
Hormones in Food and Feed
Average adult consumption of hormones in food has been calculated to be 0.1 µg
estrogen/day, which is quite small, compared to endogenous estrogen production in
humans. The two main sources of estrogenic compounds are meat and milk products,
with milk products contributing a greater proportion of estrogen than meat. Meat
contains small amounts of steroids ranging from 3-5 ng/kg (Hoffmann and Evers, 1986).
In comparison, bovine milk is rich in a variety of hormones. Steroid hormones are
lipophilic and can concentrate in the milk and milk products, depending upon fat content
(Table 1-4) (Koldovsky and Thornburg, 1987; Pape-Zambito et al., 2010). These high
concentrations of estrogenic compounds in milk products cause concern for humans, and
in particular young children.
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Table 1-4. Estrogens in milk and milk products in pg/ml or pg/g1.
Estrone +
Source
Estradiol
Estrone
Estrone-sulfate
Milk from Cows
Estrus

84

58

Luteal

29

45

Late Pregnant

49

45

200-1000

Store Milk

10

55

500

Butter

82

539

1470

Cheese

10

35

170

Cream

<30

1

260

Koldovsky and Thornburg, 1987.

Average consumption of bovine milk by children is about 300–700 ml/day, which
translates to potential ingestion of 40 to 100 ng/day of estrogen (17β-estradiol, estrone,
and estrone sulfate) (Ganmaa et al., 2001; Pape-Zambito et al., 2010). Children are in the
developmental stages of life and this large consumption of estrogenic compounds in dairy
products may contribute to cancer formations later in life (Pape-Zambito et al., 2010).
How Estrogens enter the Environment
Steroid hormones enter the environment from several sources; one prominent
source is wastewater treatment plant effluent. As the human population increases,
wastewater treatment facilities near growth areas must increase their treatment rate to
accommodate increased waste production. However, traditional treatment trains do not
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effectively remove pharmaceuticals, endocrine disrupting compounds, or their
metabolites (Falconer et al., 2006; Filby et al., 2010; Racz and Goel, 2010; Scruggs et al.,
2004). Elevated concentrations of hormone metabolites and pharmaceuticals are then
directly transported to surface waters facilitating subsequent, downstream exposures to
wildlife including fish, amphibians, and other mammals (Campbell and Hutchinson,
1998; Colborn et al., 1993). Liver processes effectively remove excess estrogens from
the body, via direct conjugation by phase II enzymes (e.g., UGT = UDPglucoronosyltransferase) or via excretion of inactive conjugates in the bile (Legler et al.,
2002). Another route of entrance into the environment is that facilitated by improper
disposal of pharmaceuticals. Expired or excess estrogenic pharmaceuticals, such as birth
contraceptives and hormone replacement therapy treatments, are flushed and rinsed down
drains rather than disposed in landfills and enter the environment via wastewater effluent
in an active form (Ye et al., 2012). Increased exposure is a concern because these
compounds are transformed and become EDCs. Trophic transfer and/or direct uptake of
EDCs from the aqueous environment are mechanisms by which these bioavailable forms
may cause disruption in the normal hormone signaling mechanisms of wildlife and
reduce population fitness (Truman and Van Den Hurk, 2010).
One study surveyed 17 streams in the Conestoga River Valley of the mid-Atlantic
region of the United States to determine potential impacts of estrogen compounds to
surface water contamination (Shore et al., 1995). Three sample sites were chosen in an
area where chicken manure was used heavily as a fertilizer source, and one other site
received effluent from a sewage treatment plant. When a comparison was made between
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a stream dominated by forest and one dominated by cropland, the stream surrounded by
cropland was impacted by a gradient of estrogen discharge (0.54–1.83 ng/L). FinlayMoore et al. (2000) reported that both 17β-estradiol and testosterone bound to the soil (5
cm depth), and that 650 ng/kg of 17β-estradiol and testosterone were recovered from soils
amended with manure, while recovery from control fields was only 150 ng/kg (FinlayMoore et al., 2000).
Two sources of pollution are the main contributors of EDCs into surface waters;
these sources include runoff from fields fertilized with manure and discharge into streams
from sewage treatment plants. The levels of 17β-estradiol and estrone in freely flowing
streams do not exceed 5 ng/l, but these concentrations are in the same magnitude as the
lowest observable effects limit (LOEL) and are potentially harmful to the aquatic
organisms (Brennan et al., 2006; Kashian and Dodson, 2004). Potential for estrogen
contamination of ground water is minimal because estrogen remains bound to the upper
crust of the soil, aided by binding of the phenolic group to soil particles (Shore et al.,
1992). Although extensive surveys indicate that estrogen can be detected in springs and
wells used for drinking water, the levels are usually well under 1 ng/l (Shore and
Shemesh, 2003).
Resulting Issues
Exposure to estriol and estrone is primarily due to conjugates excreted into
wastewater that then enter surface waters. Bacteria in treatment plants or the aquatic
environment can deconjugate conjugated-hormones, which reactivates compound
biological activity. Results of several studies indicate that estrogenic chemicals are
10

recovered at high concentrations in fish bile (Koerner et al., 2005; Legler et al., 2002;
Vermeirssen et al., 2005). Researchers report that elevated levels of cytochrome P450 in
fish bile help to protect fish from the activity of estrogen compounds. Vitellogenin, a
phospholipoprotein associated with egg yolk production, is produced in liver hepatocytes;
production of vitellogenin is regulated by 17β-estradiol in oviparous female fish,
amphibians, reptiles, and birds (Walker et al., 2001). While low basal levels of
vitellogenin are present in the male fish of some species; generally, little to no
vitellogenin should be present in male and juvenile fish (Copeland et al., 1986; Tyler et
al., 1998). Exposure to xenoestrogens and EDCs may alter endogenous levels of 17βestradiol and induce production of vitellogenin in male and juvenile fish (Arukwe et al.,
2000; Kirby et al., 2004). Redirection of energy resources toward producing of
ineffective enzymes and elevated levels of inappropriate enzymes affect the reproductive
fitness of a population. A significant number of the fish collected in sites potentially
effected by EDCs and xenoestrogens are infested with parasites and cancers (Mills and
Chichester, 2005). The indirect toxic effect of exposure to EDCs is the potential for
population feminization. Male and female progeny in impacted systems may become
phenotypically indistinguishable as secondary male characteristics are diminished and
energy resources directed to facilitate non-beneficial processes (Barber et al., 2012).
Genetic bottlenecking is one possible outcome of increased exposure of aquatic
organisms to xenoestrogens and EDCs, as only those individuals that survive exposure to
a contaminant or stressor are able to reproduce.
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Wastewater Treatment
Currently, there are no water quality standards limiting concentration levels for
hormones in wastewater, however, for the reasons discussed above wastewater treatment
techniques must be improved via revision or modification of existing facilities to
successfully remove organic micro contaminants from wastewater. Traditional
wastewater treatment combines basic techniques to overcome difficult tasks, applying
settling as a means for solids removal and activated sludge for nutrient degradation
(Figure 1-3). These treatment schemes can potentially help eliminate EDCs utilizing the
same processes.

Figure 1-3. Clemson wastewater treatment facility and different stages of treatment
train. Facility includes primary settling (A), activated sludge reactor (B) and
secondary settling (C) along with chlorination (D) for disinfection.
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Adsorption
Adsorption of EDCs is accomplished by the interaction of the compounds with
settable solids. The target compounds readily adsorb to solid surfaces. Sorption is a key
removal mechanism for these compounds because of their moderate hydrophobicity (Lai
et al., 2002). Koh et al., (2009) examined adsorption rates for steroid estrogens in two
biological wastewater processes and reported that differences in removal were evident
and related to LogKow values. Estrone and 17β-estradiol removal rates were between 2030% and removal rates for estriol were slightly lower at 10% (Koh et al., 2009).
Researchers question whether removal of EDCs is due to adsorption of the compound
onto media surfaces or interception by bacterial films present on the surface of the media
(Figure 1-4). The answer to this question is critical, as the surface chemistry of the media
utilized may be important if sorption, rather than interception is the main mechanisms
facilitating removal of these compounds. Organic carbon content also plays a major role
in increasing sorption of 17β-estradiol (Jacobsen et al., 2005; Snow et al., 2010). Studies
show that an increase in organic carbon increases the removal of 17β-estradiol from the
aquatic environment.

Figure 1-4. Interception or sorption and possible degradation taking place in a
fixed media bed. As water passes through packed bed, bacterial films first intercept
compounds (green dots) and allow for further biodegradation.
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Degradation
Degradation is a biological process and is the primary method removing nutrients
(nitrogen and phosphorus) from domestic wastewater; studies conducted with wastewater
also demonstrate effective degradation of many organic compounds (Gaulke et al., 2009;
Joss et al., 2004; Matamoros et al., 2009). Degradation can account for 70 to 80% of
EDC removal in wastewater (Hashimoto and Murakami, 2009; Koh et al., 2008; Koh et
al., 2009; Kreuzinger et al., 2004; Xu et al., 2009a). Degradation occurs in the activated
sludge section of the treatment plant and is mainly an aerobic process (Figure 1-3). One
major question about degradation of EDC in sludge relates to whether degradation is
rapid or slow. Carballa et al. (2007) suggested that short sludge retention times did not
sufficiently degrade 17β-estradiol. Kreuzinger et al. (2004) concluded that degradation
of all three estrogen compounds was achieved at higher sludge retention times. Sludge
retention times shorter than 1 day resulted in 16% removal of estrogen compounds,
whereas if extended to 10 and 24 days, removal percentages were 66% and 98% removal,
respectively. Some researchers have proposed that increasing sludge age would diversify
bacterial groups in the treatment facility, allowing selection for specific organisms
targeting reduction of EDCs (Langford et al., 2007). Others have hypothesized that
contaminant degradation is not bacterial-strain specific. Instead, degradation is simply
facilitated by strains of bacteria innate to the wastewater facility, and reduction is driven
by microbial foraging for carbon sources (Gaulke et al., 2009; Graham et al., 2003).
These studies also suggested possible competition between nitrifying and heterotrophic
bacteria for carbon resources (Figure 1-5). Because extending sludge retention time
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increased degradation rates, it is likely that heterotrophic bacteria drive the majority of
degradation because they are associated with slow growth and aged sludge.

Figure 1-5. Process for nutrient removal and an explanation of competition for
nutrients between heterotrophic and nitrifying bacteria. These bacteria are
described as being critical for EDC degradation in wastewater treatment facilities.

Alternative Treatments
Activated Carbon
Activated carbon is used as a sorbent in wastewater treatment for removing tasteand odor-causing organic compounds from drinking water; it can also remove organic
contaminants (Jones et al., 2007; Reungoat et al. 2011; Zhang and Zhou, 2005).
Activated carbon removes compounds via sorption both to the surface and within the
granules or substrate matrix. The effectiveness of activated carbon is influenced by
surface area, porosity, surface pH, and surface charge (Snyder et al., 2006; Westerhoff et
al., 2005). The hydrophobicity of estrogenic compounds, more commonly called the
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octanol-water coefficient (Log Kow), determines which and how much of a compound
will sorb to the substrate (Koh et al., 2009). Activated carbon effectively removes
estrogenic compounds from wastewater. However, some physical factors, such as high
levels of organic matter in wastewater, can obstruct efficiency by competing for sorption
sites and hindering access to openings within the structure (Fukuhara et al., 2006; Snyder
et al., 2006). Inactivation and saturation of binding sites are serious concerns for
treatment efficiency with activated carbon because it must be replaced to promote
continued removal once these occur, an expensive process. Thus, even though effective
at reducing EDC concentrations in wastewater effluent, activated carbon is not an
economically feasible option for many wastewater treatment facilities.
Ozone
Chemical oxidation processes are receiving more attention as potential treatment
options for removal of organic compounds from wastewater. This process uses a strong
oxidant (ozone) to chemically convert estrogenic compounds into less harmful species
that pose little risk to the environment (Pereira et al., 2011; Reungoat et al., 2011).
Ozone (O3) is an unstable gas comprised of three oxygen atoms and will readily degrade
to oxygen. During the conversion, free oxygen radicals form; this highly reactive radical
is short lived. The level of degradation achieved with ozonation is a function of water
chemistry, pH, and water temperature (Westerhoff et al., 2005).
Huber et al. (2005) conducted a study during which ozone was used to degrade
organic compounds and hormones in wastewater effluent from an activated sludge unit
and from a membrane reactor. The organic compounds and hormones were completely
16

degraded due to transformation of tertiary amino groups. Effective concentration of
ozone for transformation of the organic compounds was 2 mg O3/L. Advantages to
ozone use includes its’ effectiveness over a wide pH range, its’ strong oxidizing potential
over a short reaction time, and the lack of toxic byproducts from ozone splitting after
treatment. Ozone treatment can be very costly due to equipment and maintenance
expenses. The impact of transformed by-products is still being evaluated (Filby et al.,
2010).
Ultraviolet Degradation
High energy ultraviolet (UV) light can degrade estrogenic compounds via direct
photolysis (Rosenfeldt et al., 2007). For UV treatment to be effective, the compound
must be a chromophore (i.e., capable of absorbing light energy), and the energy of light
must be adequate to break chemical bonds in the compound structure (Rosenfeldt et al.,
2007). Ultraviolet degradation of estrogenic compounds is used mostly in drinking water
treatment and very rarely in wastewater treatment due to the complexity of the
wastewater matrix. Wastewater effluent contains higher levels of organic matter and
other light-scattering and absorbing constituents that reduce treatment efficacy (Conkle et
al., 2008).
In a drinking water study, 17α-ethinyl and 17β-estradiol exposed to UV using a
monochromatic low pressure lamp or a polychromatic medium pressure UV lamp had
limited success in reducing these compounds (Rosenfeldt et al., 2007). Even in waters
with lower turbidity, limited removal (< 20%) of 17α-ethinyl and 17β-estradiol were
aided by UV photo transformation. It is not clear whether UV lamps can significantly
17

increase steroidal estrogen removal in a wastewater matrix (Johnson and Sumpter, 2001).
Acher et al.(1997) proposed that filtration to reduce organic carbon content before
application of ozone as a tertiary treatment would increase treatment efficacy and reduce
UV treatment costs to reasonable levels; this design could be successful in reducing the
concentrations of estrone and 17β-estradiol released into the aquatic environment.
Membrane Bioreactors
Membrane bioreactors have emerged as an alternative to activated sludge reactors
because of their ability to enhance biodegradation of estrogenic compounds.
Biodegradation is the primary removal mechanism for membrane bioreactors, which rely
on hydraulic and sludge retention times and sludge density. Sludge density is important
in these systems, and most membrane bioreactors operate efficiently at high sludge
densities. Sludge density is essential to system operation and is the foundation of a very
effective process (Clouzot et al., 2010; Snyder et al., 2006). Some studies contradict the
notion that membrane bioreactors operate more efficiently at higher sludge
concentrations, which increases biological activity when compared to activated sludge
systems (Clara et al., 2005; Joss et al., 2004). Thus researchers predict that membrane
bioreactors, operating under high sludge content, will promote greater removal of organic
compounds (Clouzot et al., 2010; Estrada-Arriaga and Mijaylova, 2011; González et al.,
2007). Membrane bioreactors can be effective, especially with high sludge density, and
specific compounds (e.g., octylphenol ethoxylates and nonylphenol monoethoxylates)
undergo intermediate degradation (González et al., 2007).
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Radioimmunoassay Analysis
A unique approach, which gained acceptance for quick reliable sample analysis,
was selected for testing and quantifying 17β-estradiol in aqueous solutions. The
approach using radioimmunoassay (RIAs) is popular because RIAs require only a small
sample size for direct analysis and because they can be used both as a qualitative or semiquantitative analytical method. The procedure generally employs radiolabelled antigens
for quantitative detection of antigens in serum based systems. In the past RIA had
limited application for detection of hormones in groundwater and wastewater due to the
very low environmental concentrations (˂ 1 µg/L) and lack of sensitivity in the test
(Kolpin et al., 2002; Meyer et al., 2000; Yang and Carlson, 2004). Because of this, solidphase extraction (SPE) was used to concentrate the compound to enable hormone
quantification at lower detection limits. Current, commercially available RIA kits, used
in the medical field for clinical testing, are reliable, utilize simple procedures and require
very small sample volumes (100 µL). The uniqueness of these kits makes them very
reliable, economical, and quickens the process for analysis.
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CHAPTER 2: MEDIA CHOICE, SORPTION AND
BIODEGRADATION OF 17Β-ESTRADIOL IN STATIC BED
BIOFILTERS

Abstract
Removal of endocrine disrupting compounds (EDCs) from domestic wastewater
is a major concern for the safety of human health and the environment. Human derived
EDCs, such as 17β-estradiol, estrone and estriol, are present in domestic wastewater
effluent at levels high enough to endanger normal endocrine functions of aquatic
organisms, leading to decreased fecundity and feminization. Sorption onto specific
media, activated sludge, and extended sludge retention time are key processes influencing
EDC degradation in wastewater treatment facilities. Fixed bed biofilters are an
alternative to these two separate components; they combine the process of mechanical
(physical straining) and biological filtration into a single unit. The goal of this project
was to quantify the mechanical and biological filtration potential of three mineral-based
media incorporated into laboratory-scale static-bed biofilters for removal of 17βestradiol. Sorption rates were quantified for brick, calcined clay, and sand media by
exposing each media to increasing concentrations of 17β-estradiol and modeled the
resulting data using isotherm relationships. Calcined clay removed significantly more
17β-estradiol via mechanical straining from simulated wastewater than either crushed
brick or sand. At concentrations less than 100 ng/L 17β-estradiol, the clay media sorbed
more than 60% of 17β-estradiol from solution. The three media were then tested in a
static bed biofilter to examine both sorption and biodegradation by bacterial films
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established in the biofilter. Synthetic wastewater was first tested to ensure the filter
would not become clogged with solids found in actual wastewater. It was later
discovered that solids loading was lower than anticipated in actual wastewater, so a
decision was made to also test actual wastewater from the Clemson facility. Nearly all
the 17β-estradiol was removed from solution after 24 hours in the fixed-bed bioreactor
filled with clay, whether the system was equilibrated with synthetic or real wastewater.
When wastewater collected directly from the activated sludge unit and the final settling
stage were spiked with 17β-estradiol, the concentration of 17β-estradiol in solution was
reduced to below detection limits (nearly 0 ng/L) after as little as four hours (activated
sludge) to 24 hours (final settling stage), with no media added to provide surface area for
microbial colonization. Results from the experiments give a glimpse of some removal
techniques that could be implemented in a treatment scheme for reduction of 17βestradiol in wastewater. According to preliminary data, longer retention times in the
treatment system could be a simple process to implement for increased removal of 17βestradiol and other relevant compounds.

Introduction
Hormones from human sources are constantly released into the environment.
Steroid hormones are very stable and are excreted either in their endogenous, active form
or as conjugates that are easily bio-transformed into the free form (Baronti et al., 2000).
Human females excrete about 5 µg/day each of 17β-estradiol (E2) and estrone (Hoffmann
and Evers, 1986). However, daily excretion rates can be as high as 10 and 100 µg by
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cycling woman, depending on the cycle phase (Tyler, et al., 1998). Estrone and estradiol
excretion in human urine averages 4.4 kg/yr/one million inhabitants and could account
for 50% of the observed estrogen in the influents to wastewater treatment plants
(Johnson, et al., 2000).
Wastewater treatment plant effluent is a primary source of environmental
exposure to estrogens. As human populations increase, wastewater treatment capacity
must expand to accommodate increased waste production. However, common treatment
technologies employed by wastewater treatment plants do not effectively remove
pharmaceuticals and/or chemical metabolites from human sources. Hormone metabolites
and pharmaceuticals not removed via wastewater treatment are then transported to
surface waters and to wildlife including fish, amphibians, and other mammals via the
wastewater effluent stream. Exposure to estrogenic compounds is primarily due to
inadequately treated wastewater. Estrone conjugates can be released in “treated” effluent
which then enters surface waters. Bacteria in treatment plants or in the aquatic
environment can deconjugate these conjugated compounds, facilitating increased
biological activity. Several studies have shown that estrogenic chemicals can be detected
at high concentrations in fish bile (Koerner, et al., 2005; Legler et al., 2002; Vermeirssen,
et al., 2005). Researchers report that elevated levels of cytochrome P450 in fish bile help
to protect fish from the activity of endocrine disrupting compounds (EDCs).
Vitellogenin, a phospholipoprotein associated with egg yolk production, is produced in
liver hepatocytes; production of vitellogenin is regulated by estradiol in oviparous female
fish, amphibians, reptiles, and birds (Walker, et al., 2001). Male fish, exposed to
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estrogenic compounds, begin to show symptoms of vitellogenin production which begins
the feminization process and lessens population fitness (Barber et al., 2012; Bjerregaard
et al., 2008; Lavelle and Sorensen, 2011; Vajda et al., 2011). Also, a significant number
of the fish collected in sites potentially impacted by EDCs are infested with parasites and
cancers (Vajda et al., 2011; Vermeirssen et al., 2005). The indirect toxicity of exposure
to EDCs is the potential for population feminization. Male and female progeny in
impacted systems may become phenotypically indistinguishable as secondary male
characteristics are diminished and energy sources redirected to facilitate non-beneficial
processes. Genetic bottlenecking is one possible outcome of increased exposure of
aquatic organisms to EDCs, as “survival of the fittest” or selection for individuals best
able to handle the contaminant or stressor occurs (Bjerregaard et al., 2008; Marin and
Matozzo, 2004).
For the reasons discussed above, strategies must be developed to improve
wastewater treatment technology, in the form of effective and economically feasible
modifications for existing facilities to improve treatment capacity for persistent organic
pollutants before they enter the environment (Hamid and Eskicioglu, 2012; Hose and
Guillette, 1995; Llorens et al., 2009; Silva et al., 2012; Ye et al., 2012). Traditional
wastewater treatment combines simplistic techniques to effectively accomplish difficult
tasks. Traditional systems employ settling as a means for solids removal and activated
sludge for nutrient degradation (Barber et al., 2012; Clouzot et al., 2010; Hamid and
Eskicioglu, 2012; Lust et al., 2012). These treatment schemes can also assist in the
elimination of EDCs utilizing the same processes.
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Adsorption of EDCs from the aqueous environment is accomplished by the
interaction of the compounds with solid particles. The target compounds readily absorb
to solid surfaces. Because of their moderate hydrophobicity, sorption is the key removal
mechanism for EDCs (Lai, et al., 2002). Koh et al., (2009) examined adsorption rates in
two biological wastewater processes and reported that differences in removal rates of
compounds were related to LogKow values. Removal of estrone and E2 ranged from 20
to 30% and estriol was 10%. Researchers question whether removal rates are due to
actual adsorption onto the surface of the media or interception by bacterial films present
on the surface of the media. Organic carbon content is another mechanism in sorption of
E2 with increased organic content having a positive effect on removal (Holbrook et al.,
2004; Jacobsen et al., 2005).
Degradation is a biological process responsible for removing nutrients, such as
nitrogen, solids, and EDCs from domestic wastewater. Three types of bacterial
communities colonize activated sludge units and assist with degradation of nutrients and
EDCs. Nitrifying bacterial colonies require aerobic conditions and assist with nutrient
processing, heterotrophic bacteria facilitate removal of solids in wastewater, and “kstrategist” bacteria forage on reduced carbon sources and are primarily responsible for the
degradation of EDCs. These slow growing “k-strategist” bacteria can survive at low
concentrations of carbon and can account for 70 to 80% removal of EDCs in wastewater
(Carr et al., 2010; Koh et al., 2009; Maniero et al., 2008; Matamoros et al., 2009).
Degradation occurs in activated sludge section of the treatment plant and is
mainly an aerobic process; however, researchers to a certain extent disagree upon
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whether the degradative process is rapid or slow. Kreuzinger et al. (2004) concluded that
degradation of estrone, E2 and estriol was best achieved with longer sludge retention
times. Sludge retention times < 1 day resulted in only 16% removal, whereas sludge
retention times of 10 and 24 days resulted in 66% and 98% removal, respectively.
Langford et al. (2007) proposed that increasing sludge age would diversify bacterial
groups in the treatment facility, allowing selection for specific organisms targeting EDCs.
Other researchers hypothesized that EDC degradation is not bacteria specific, but rather
regulated by carbon foraging by bacterial varieties native to wastewater facilities
(Gaulke, et al., 2009; Graham and Curtis, 2003). Because increased degradation rates are
associated with extended sludge retention times, it is likely that heterotrophic bacteria
regulate EDC degradation, as heterotrophic bacteria are associated with slow growth and
aged sludge (Cajthaml et al., 2009; Gaulke et al., 2009).
The goal of this project was to quantify the mechanical and biological filtration
potential of three mineral-based media incorporated into laboratory-scale static-bed
biofilters for removal of E2. This was accomplished by characterizing:
1. the capacity for E2 to sorb onto crushed brick, calcined clay and sand,
2. the influence of photodegradative effects on E2 sorption to calcined clay,
3. sorption and biodegradation of E2 by bacterial communities in a packed bed
biofilter using natural media with both a synthetic waste stream and an actual
waste stream from a treatment facility, and
4. the removal capacity of the waste stream in a treatment facility to effectively
remove E2 from solution.
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Materials and Methods
Compound of interest – 17β-estradiol
17β-estradiol (purity >98%, Lot # 010M0142) was purchased from SigmaAldrich Chemicals (St. Louis, Missouri). Due to low aqueous solubility, the 1000 mg/L
stock solution of E2 was prepared initially via dissolving E2 in pure methanol. Serial
dilutions for experiments were made using this stock solution. The composition of the
stock solution with respect to solvents was less than 2% (v/v) for all test solutions.
Media Characterized
Three media (brick, clay, and sand) were evaluated for potential to facilitate
removal of E2 from wastewater either via sorptive or degradative processes (Figure 2-1).
The industrial clay media, a palygorskite-bentonite media (calcined clay), was mined in
Ochlocknee, GA (Oil-dri Corp. of America, Chicago). The particle sizes ranged from 0.8
to 4.75 mm and particles were pretreated to a temperature of 800 ºC in a rotary kiln.
The brick media, a manufacturing waste by-product, varied in size from large
fragments to small granules. Measured particle sizes ranged from 2.0 to 10.0 mm
(National Brick Research Institute, Clemson, SC). The manufacturing process for brick
involves firing the clay, at a range of 149 to 982ºC and depends upon the type of clay in
the brick (Brick Industry Association, 2004).
The sand media was obtained commercially from a local home improvement
warehouse in Clemson, South Carolina. The material was medium grade unwashed,
multi- purpose silica sand (Ronsal American, Raleigh, NC). Particle size ranged from
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0.25 to 1.0 mm. Media was prepared for use in all experiments by first washing to
remove all dust and fine particles and placed in a glass dish for drying. The dishes were
placed in a drying oven and allowed to dry for 24 hours at a temperature of 105 oC.

Figure 2-1. Media used in 17β-estradiol sorption and biodegradation experiments.

Sorption of E2
Each media was evaluated using a 24-hour, static E2 sorption experiment under
both light and dark conditions. Each media was washed thoroughly and allowed to dry
for twenty-four hours at 105 °C prior to initiation of each experiment. Each media was
dispensed in dry volume ten milliliter allotments into an 125 mL Erlenmeyer flask to
which 100 mL of solution containing 10, 50, 100, 1000 or 10000 ng/L E2 were added.
17-β estradiol exposure solutions were prepared by adding E2 dissolved in methanol, to
deionized water (DI) water. Two liters of solution were prepared for each E2 exposure
concentration and 100mL of the solution was dispensed into each flask containing the
media. Blank samples (positive controls) were used to quantify potential for E2
adsorption onto the glass. Three replicates per media type and E2 exposure concentration
were prepared and allowed to equilibrate for 24h at 25 ± 2 °C on a rotary shaker table set
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at 50 rpm. Another complete set of samples were setup in the same way, however were
completely covered with aluminum foil to inhibit light penetration. The dark
experiments were conducted to permit quantification of the influence of photodegradation
on E2 removal during our experiments, an important step, as some literature indicated
that E2 was susceptible to photodegradation (Ge et al., 2009; Mazellier et al., 2008).
Initial and 24 hour samples were collected from each flask and were analyzed
within 30 minutes using radioimmunoassay (RIA). The dry weight of the media (10 mL)
for the experiment was recorded to establish sorption rates per unit (g) mass of media.
Mean values were determined by weighing 10 replicates of each media. Sorption and
percent removal were computed for each media type at increasing E2 concentrations.
Sorption characterization
Freundlich and Langmuir models were used to fit data from the sorption
experiments for the three media. The Freundlich model makes no assumptions related to
particle chemistry (White et al., 2011). The Freundlich equation is linearized using the
following log transformation:

log S = b log C T + log K

[1]

where, S = amount of added sorbate retained by media (ng/kg), K and b are constants,

and CT = the aqueous concentration (ng/L) after 24 hour equilibration. Freundlich model
assumptions are met if the data were linearized by the log transformation. The results are
interpreted as intercept = logK and the slope = b.
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The Langmuir model assumes a three-dimensional binding surface with a
predetermined E2 sorption capacity limited by the number of internal and external
binding sites. It is linearized by the inversion of the original equation:

 1
  CT 
CT
 
 + 

S
k * Smax  Smax 

[2]

where Smax is the maximum possible E2 sorption by the solid (ng/kg) and equals the

1
CT
value of
where the fitted curve flattens. The intercept and slope equals
and
k * Smax
S

1
, respectively (Langmuir, 1997).
 Smax





Evaluation of removal efficiency by each media was determined using the
following equation:

Removal efficiency (%) =

C 
I

CI

CT

 x 100
[3]

where CI = initial E2 exposure concentration and CT = E2 aqueous concentration after 24

h equilibration period.
Media equilibration
The media equilibration experiment was designed to quantify time needed for
maximum sorption of E2 by each media from solution. Each media (calcined clay,
crushed brick and sand) was dispensed in dry volume ten milliliter allotments into a 125
mL Erlenmeyer flask to which 100 mL of solution containing 3000 ng/L E2 was added.
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17-β estradiol exposure solution was prepared by adding E2, dissolved in methanol, to DI
water. Two liters of solution were prepared for each E2 exposure concentration and
100mL of the solution was dispensed into each flask containing the media. All flasks
were covered with aluminum foil and blank samples (positive controls) were used to
quantify potential for E2 adsorption onto the glass. Three replicates per media type and
E2 exposure concentration were prepared and allowed to mix on a rotary shaker for 10
days at 25 ± 2 °C on a rotary shaker table set at 50 rpm. After 3 days of exposure, the
previous solution for each sample was removed and renewed with fresh 3000 ng/L E2
solution, to maintain consistent exposure concentrations. To verify E2 concentration at
each renewal, a sample of solution was analyzed using RIA, before distribution into the
flasks. Quantitation of E2 at each time point was accomplished using RIA.
Static Bed Biofilter Design
The static bed biofilter experiments were designed to establish standards for
characterizing the biological degradation pathway facilitating E2 removal. Thus, a closed
recirculating system was designed to evaluate media in a fixed (static) bed type for
removal efficiency of E2. The influence of the wastewater source was evaluated by
utilizing a synthetic wastewater and wastewater collected from the secondary settling
stage at the Clemson University wastewater treatment facility. Each individual unit
included columns (in triplicate) for the blank and each media, a sump, water pump and
flow meter (Figure 2-2).
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Figure 2-2. Schematic design of the E2 biodegradation unit used to test synthetic
wastewater and actual wastewater collected from the Clemson wastewater facility.
The middle figure illustrates water flow path and sample ports for sampling.
Columns were constructed to test each media in triplicate.

Four units comprised the system, one unit for each media and the blank control.
Columns were constructed using 2.54 cm (inside diameter (ID)) clear PVC pipe. A nylon
screen (500 micron) was placed on the influent end to aid in retention of smaller media
and supported with a porous PVC plate (3mm holes). The columns contained 2.54 cm
caps at each end and a hose barb was installed to connect tubing. Vinyl tubing (9.5 mm,
ID) was used to connect unit components. Each unit circulated water to the columns and
back into a sump (19 L total capacity) via an in-line water pump (900 liters/hour, 1.83 m
head). Water was distributed evenly and regulated using flow meters (8 – 95 lph), which
were checked every 12 hours and adjusted accordingly. The water traveled at a set rate
through a packed bed of media before returning to the sump. The three media were
evaluated because of their unique surface chemistry, high density, and high surface area
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to volume ratio making each potentially suitable for use in tertiary treatment applications.
The system was initially acclimated with wastewater from the Clemson wastewater
treatment facility to ensure colonization with native bacterial strains. The system was
operated with the wastewater until the nitrification process was complete (6 weeks total)
and bacterial growth was visible on the media. Wastewater was supplemented with
ammonium chloride (NH4Cl) to increase ammonia levels (5mg/L) and water quality
samples were collected to verify active nitrification via quantifying reduction in ammonia
levels over a 24 hour period. To begin experimental runs, the wastewater used for
acclimation was drained from each system and 14 L of synthetic or real wastewater was
added to each unit, and allowed to circulate for 1 hour. After one hour, pumping was
halted to allow water to return to the sump and the E2 solution (≈1000 ng/L) was added,
mixed, and allowed to stand for five minutes before the pump was restarted to circulate
wastewater through the system. The flow rates were adjusted to the desired flow rates for
each column after each addition of E2 solution.
Biodegradation in synthetic and actual wastewater
Synthetic Wastewater. Synthetic wastewater was used as the carrier solution for
E2 exposure to the biofilter units. Synthetic wastewater was used in these experiments to
simulate the chemical characteristics of wastewater from treatment facilities, while
minimizing potential clogging issues associated with suspended solids present in actual
wastewater. The synthetic wastewater was prepared in tap water, and macro- and microcomponents were added as indicated in Table 2-1. Total nitrogen ranged from 20 - 30
mg/L and total chemical oxygen demand (COD) ranged from 60 - 80 mg/L.
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Table 2-1. Constituents1 used in the makeup of synthetic wastewater used as
substrates in biodegradation experiments comparing calcined clay, crushed brick
and sand.
Constituent
Dextrose
Glutamic Acid
Trace element solution
Na2-EDTA
FeCl3-6H2O
CuSO4-5H2O
ZnSO4-7H2O
CoCl2-6H2O
MnCl2-4H20
Na2MoO4-2H2O

1

Measured Concentration
258 mg/L
0.04 mg/L
0.2 mg/L
7x10-4 mg/L
0.001 mg/L
7x10-4 mg/L
0.01 mg/L
4x10-4 mg/L

Sodium phosphate

11.5 mg-P/L

Ammonium chloride

100 mg-N/L

(Fontenot, 2003)
Prepared E2 solutions were mixed thoroughly with the prepared synthetic

wastewater, and initial E2 concentrations recorded at time 0 for each experiment via
collection of a 1 mL sample from each sump. The media filling each column served
more as a substrate for biological filtration rather than physical/ mechanical filtration,
thus limiting the presence of suspended solids in solution reduced potential for clogging.
However, the initial interception and sorption of the target compounds performed by the
porous substrate in packed bed mode acted as an immediate first stage for removal from
wastewater. Temperature, pH, and alkalinity at time 0 and 24 hours were monitored and
recorded to make sure parameters were similar to actual water found in the treatment
facility. A 1 mL sample was collected from each treatment unit and analyzed every 24
hours for E2 until no detectable E2 remained in solution.
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Actual Wastewater. After assessing solids content of wastewater effluent, it was
decided to utilize wastewater from the Clemson University wastewater treatment facility
to simulate the influence of realistic microbial conditions found in wastewater and its
effects on E2 degradation. Wastewater was collected from the final stage of treatment
(secondary clarifier), and immediately (10 minutes) transported to the lab. Prepared E2
solutions were mixed thoroughly with the collected wastewater and distributed within the
system. Initial E2 concentrations were recorded at time 0 for each experiment via
collection of a 1mL sample from each sump. Remaining methods and procedures for
system operation and sample collection are the same as in the synthetic wastewater
experiment.
Wastewater treatment stage and E2 removal
Due to unexpected results in the experiment evaluating E2 degradation in
collected wastewater, additional experiments were conducted with wastewater to
determine how stage of treatment at the wastewater treatment facility influenced E2
removal. Because wastewater is chemically and microbially complex, it was difficult to
determine which processes contributed to E2 removal in clarified wastewater. Thus
again evaluation of water from the activated sludge unit and the final clarifier was
performed to quantify potential elimination of E2 in the high bio-solids or highly clarified
wastewater environment.
To compare E2 removal in biofloc, settled biofloc, and clarified wastewater with a
DI control, wastewater samples were collected at specified points (Figure 2-3) within the
Clemson wastewater treatment facility. The activated sludge sample was collected only
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when aeration and mixing were active to capture biofloc within the sample. All water
samples were transported immediately (10 minutes) back to the lab. In the lab, the
activated sludge sample was completely mixed, and 100 mL was measured and set aside.
The activated sludge sample was allowed to separate, and a 100 mL subsample of the
supernatant was also collected for analysis. The other two samples consisted of a 100 mL
subsample of the water collected from the final clarifying unit and a 100 mL of deionized
water used as a control. Each sample and the control were spiked with E2 to gain a
solution concentration of 1000 ng/L. Samples were collected for analysis of E2
concentrations via RIA at 0, 2, 4, 24 and 48 hour intervals. The experiment was repeated
again to compare results and confirm collected data. Once concentration data were
examined and found to be consistent for the two runs the experiment was terminated.
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Figure 2-3. Clemson wastewater treatment facility and different stages of treatment
train (A). Facility includes primary settling (A), activated sludge reactor (B) and
secondary settling (C) along with chlorination (D) for disinfection. Wastewater
samples collected from the Clemson wastewater facility used in the wastewater
experiment (B). 1) Deionized water used for blank, 2) Activated sludge water with
biofloc collected from activated sludge reactor, 3) Activated sludge water without
biofloc and 4) Final settling collected secondary settling compartment.

Radioimmunoassay analysis for E2
Radioimmunoassays (RIAs) employ radiolabelled antigens for quantitative
detection of antigens. Many commercially developed RIAs have been utilized in the
medical field for clinical testing (Aga, Thurman, and Pomes, 1994). Radioimmunoassays
are popular because of the small sample size (100 µL) required for direct analysis and
because they can be used both as a qualitative or semi-quantitative method. In the past,
RIA based detection of hormones in groundwater and wastewater was limited due to very
low concentrations (˂ 1 µg/L) and lack of sensitivity (Kolpin et al., 2002; Meyer et al.,
2000; Yang and Carlson, 2004). Because of this, solid-phase extraction (SPE) was used
to concentrate the compound to acquire lower detection limits. Currently available
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commercial RIA kits are highly sensitive, reliable, and utilize very small sample volumes
(100 µL). Because of the enhanced sensitivity and reliability of RIA test kits, all analyses
for E2 in this project were conducted using RIA kits from Siemens Healthcare
Diagnostics, Inc. (New York).
The testing procedure conducted for quantification of E2 involved the Coat-ACount™ (TE21) procedure, which is based on antibody-coated tubes and can detect E2 in
the range of pg/mL (Figure 2-4). Analysis of E2 with the kit involved a series of
standards run in duplicate followed by analyses of test samples. A set of premixed
standards, provided in the kit, was included along with water samples to develop a
calibration curve for each test run. The calibration standards were 0, 20, 54, 149, 493,
1828 and 3467 pg/mL of E2. For standards, 100 µL of premixed solution was added to
duplicate coated tubes, and the same volume of solution was added for each test sample.
Within 10 minutes 1 mL of “hot,” I125-labeled E2 was added to each tube, blended with a
vortex mixer, and incubated in a water bath at 37 °C for 1 hour.
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Figure 2-4. RIA E2 kit from Siemens Healthcare Diagnostics, Inc. (New York).
RIA kit – includes coated E2 tubes, standards and ‘hot’ I125 – labeled estradiol (A
and B). The testing for quantification of E2 consists of the Coat-A-Count™
procedure based on antibody-coated tubes and can detect E2 in the range of pg/mL.
Gamma counter used to determine counts per minute from coated tubes (C).

After incubation, the solution was discarded, separating the bound E2 from free
E2, and the tubes were allowed to air dry. Once the tubes were void of liquid they were
loaded into the gamma counter and counts per minute were determined for each tube.
The counts were inversely related to the amount of estradiol present in the sample (Item
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1-Appendix A); the higher the concentration of E2 the lower the counts per minute as E2
from the sample competed with the I125-labeled estradiol to bind to the antibodies on the
coated tube. A calibration curve was developed using output from the standards for each
analytical run, and an equation developed to determine sample E2 concentrations (Item 2Appendix A). Final concentrations for samples were recorded as pg/mL. A correlation
experiment was conducted to determine test kit efficiency in measuring E2 in water
samples, as the kit was originally designed to examine E2 in serum rather than aqueous
samples. Both inter and intra assay comparisons were conducted with standards from the
original kit (Table 2-2). A percent coefficient of variation (CV) less than 20% is a
positive response to testing (Cheek et al., 2004). The inter-assay variation is the average
of the CV for each of the three means for each spike level for each run, which were then
averaged together. The inter-assay CV is utilized to investigate variation among
standards (low, medium and high) within a specific run. Further evaluation of variation
among runs was performed using intra-assay variation. The intra-assay variation was
determined between replicates of each spike level and each assay and all nine values were
averaged. Both inter (9%) and intra (9%)-assay CV values were less than 20% which
assured adequate results could be obtained using the kits for aqueous based testing (Table
2-2).

Data Analysis
Concentration data were analyzed using Jump (JMP) 9.0 Statistical Software
(SAS Institute Inc. Cary, NC). Concentration data were fit to isotherm models.
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Statistical analyses were performed on transformed data using regression analysis for
homogeneity of slopes and intercepts for hypothesis testing. Correlation analyses within
and among treatments were determined using JMP general linear model (GLM) and least
squares comparison ( = 0.05). Means were separated using the LSMeans option within
the GLM test procedure.
Table 2-2. Quality assurance/quality control evaluation of radioimmunoassay kit
analyzing a serum based analysis with water samples. Serum based standards were
diluted with DI water and processed. Mean values and percent coefficient of
variation are presented.
Run 1

Run 2

Run 3

Sample

Components

Mean

CV %

Mean

CV %

Mean

CV %

Blank

50 µ DI/50 µL 0 std

0

0

0

0

0

0

Low

50 µ DI/50 µL 149 std

52.73

13.9

50.76

10.7

70.35

8.9

Medium

50 µ DI/50 µL 1828 std

1008.1

7.3

910.9

8.7

1055.81

10.1

High

50 µ DI/50 µL 3467 std

1974.08

5.7

1770.32

5.3

2063.14

10

Inter-assay
8.953

CV ≤ 20% = acceptable analysis

Intra-assay
8.953
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Results and Discussion
Sorption of E2
Sorption of E2 to the three media examined was quantified by transforming the
data using both the Freundlich and Langmuir isotherm models. The rate of E2 sorption
rates by each media was characterized using the Freundlich model (Figure 2-5) and the
Langmuir model (Figure 2-6 and 2-7).

Figure 2-5. Freundlich model characterization of E2 remaining in solution
compared to E2 sorbed to clay, brick or sand. Values are the mean of nine
replicates and error bars represent ± the standard deviation of the mean per
exposure concentration.
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Figure 2-6. Relationship between equilibrium E2 solution and E2 sorbed for brick
and sand and illustrates E2 sorption with Langmuir model for substrates. Values
are the mean of nine replicates and error bars represent ± the standard deviation of
the mean per exposure concentration.

Figure 2-7. Relationship between equilibrium E2 solution and E2 sorbed for clay
and illustrates E2 sorption with Langmuir model for the substrate. Values are the
mean of nine replicates and error bars represent ± the standard deviation of the
mean per exposure concentration.
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Individual model parameters were examined and r2 values for each model fit were
used to determine the model that best characterized removal of E2 from solution as aided
by the media screened (Table 2-3). Because of the high variability in sorption of E2 to
brick at 10 ng/L exposures, our predictions in the isotherm models were derived with
those measures excluded.
Table 2-3. Freundlich and Langmuir coefficients derived from sorption isotherms
for live algae under light and dark conditions along with live and dry algae. E2ad,
average 17β-estradiol (E2) adsorbed to substrate; b, slope; K, Freundlich sorption
coefficient; Smax, sorption maxima; k, binding strength.
Freundlich

Langmuir

E2ad (ng/kg)
(Std Dev)

b

K

r2

Smax

k

r2

Brick

1951 (3198)

0.782

3.15

0.984

314.7

0.003

0.712

Clay

27241 (51561)

0.77

126.2

0.974

3434.9

0.04

0.857

Sand

1280 (2320)

0.923

0.682

0.972

19.7

0.018

0.164

Media

This variability is common with RIA analysis, as potential for variation is
magnified when quantifying analytes at low concentrations. Results were more uniform
with the clay and sand; therefore the results for 10 ng/L concentration remained in the
analysis. The Freundlich model best described all three media sorption isotherms (Table
2-3). The r2 values for brick, clay and sand were 0.984, 0.974 and 0.972, respectively.
The percent variation explained by the Langmuir model transformation was much lower
than the Freundlich model, with only moderate variability explained for the brick (r2 =
0.712), slightly more explained for the clay (r2 = 0.857), and very little variability
explained for sand (r2 = 0.164). The E2 sorption capacity (Smax) of the calcined clay was
much greater than both brick and sand (Table 2-3). Average E2 sorption was also
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considerably higher for clay (27241 ng/kg) than for brick (1951 ng/kg) or sand (1280
ng/kg), which had a similar amount. It was hypothesized in this experiment that brick
would facilitate comparable sorption of E2 as the clay; however results indicated the
complete opposite, with the sorption facilitated by brick similar to that of the sand.
Results suggested that multiple binding sites were not important and chemical
composition would play a more significant role in removing E2 from solution. The
physical properties of the three media were thoroughly described in Nyberg (2011) and
influenced sorption capacity (Appendix B). Initially, surface area was considered an
important factor in determining media performance, however sand, having the highest
surface area (1.05 m2/m3), did not perform well. Initially, the brick and clay seemed to
perform equally, however over time the clay performed better and seemed to continue
reducing E2 concentrations in solution.
As clay facilitated the greatest sorption of E2 from solution, only a comparison of
sorption in the light and dark for the clay only was presented. When E2 sorption capacity
was compared for clay media under light/dark conditions, no differences in sorption were
apparent (Figure 2-8). Thus, results indicated that light did not enhance E2 removal rates
via a photodegradation process within the time period of the test. One explanation for
lack of difference in percent removal of E2 in light and dark may be that the intensity of
light during our experiments was not great enough to induce photodegradation of E2.
However, in other research, light increased the degradation of EDCs, and more
importantly, the type of light used for exposure simulations influenced the rate of
degradation. Ge et al. (2009) reported reduction of E2 via photodegradation in their
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study with high-pressure mercury lamps. Silva et al. (2012) reviewed many studies
evaluating photolysis and evaluated direct removal via light adsorption and indirect
removal assisted by photo inhibitors, such as algal cells, which absorb light and generate
reactive oxygenated radicals that complete the degradation process (Caupos et al., 2011).

Figure 2-8. Percent removal of increasing E2 concentrations facilitated by exposure
to calcined clay under light and dark conditions. Error bars represent the standard
deviation of the treatment mean (n = 9). Different letters designate significant
differences among treatments (α < 0.05).

Freundlich model intercepts were compared using the homogeneity of intercept
analysis procedure. The intercepts of three media differed significantly (P < 0.0001;
Figure 2-5), suggesting differences in media sorption capacities. The percentages of E2
removed by each media are presented in Figure 2-9. Calcined clay facilitated the greatest
removal of E2 from solution, when compared with brick and sand. At lower (≤ 100 ng/L)
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E2 concentrations, clay removal efficacy ranged from 62 to 87%, but only 52 to 58% at
higher (˃ 100 ng/L) concentrations.

Figure 2-9. Percent removal of ascending E2 concentrations facilitated by exposure
to calcined clay, crushed brick and sand under dark conditions. Error bars
represent the standard deviation of the treatment mean (n = 9). Different letters
designate significant differences among treatments (α < 0.05).

The brick had considerably lower sorption rates over a 24 hour period, and the
percent E2 removed at each exposure concentration were relatively similar (~10%);
however, removal efficacy increased significantly to 20% for the 50 ng/L exposure
concentration. This increase in concentration can simply may be an artifact which can
probably be attributed to sampling error, because results for brick and sand were similar
at all other E2 concentrations. The percent removal efficacy of the sand medium was
similar to brick and was < 10% for all E2 concentrations. Song et al.(2009) had similar
results when sand was used as a substrate in a constructed wetland; <12% of the E2
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loaded was removed and more efficient removal of E2 was facilitated via bacterial
degradation. Our results indicate that of the media screened, clay is the best choice for
initial removal of E2 in wastewater streams and that it may be a suitable substrate for
inclusion in a tertiary treatment process in wastewater facilities. Many studies had
similar or better results in E2 removal with sorbent materials. More than 90% of E2 was
removed via granular activated carbon under µg/L exposures (Fukuhara et al., 2006;
Snyder et al., 2006), and nearly 100% with ion exchange resins (Zhang et al., 2012) and
molecularly imprinted polymers at similar concentrations of E2 (Lai et al., 2010; Le Noir
et al., 2007). The costs associated with clay and activated carbon are comparable,
however clay has a lower cost ($300/ton) as compared with activated carbon ($500/ton)
(J. Bergeron, personal communication, January, 2013). In addition, clay may sorb more
compound than activated carbon and remain active longer, thus clay may be a better
choice for tertiary E2 removal. The question of balancing economics with efficiency
becomes an important decision when implementing a treatment technology.
Media equilibration period
To determine the lifetime sorption capacity of the media screened, substrates were
exposed to 3000 ng/L E2 in solution for 72 hours and then refreshed the solutions and
continued exposures until each substrate had been exposed for ten days. Samples were
collected every six hours for the first 24 hours to quantify short term sorption and then
every 24 hours for nine additional days to quantify long-term sorption capacity. It was
hypothesized that each media would eventually become saturated and no longer sorb E2
from solution. However, clay continued to facilitate removal of E2 from solution each
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time the solution was renewed (Figure 2-10). The greatest rate of sorption to clay was
noted during the first 24 hours, with consistent, additional removal over the following
nine days (Figure 2-10). Sorption to brick and sand over time was minimal.

Figure 2-10. Mass of E2 fixed by each substrate over 10 day experiment. Values are
the mean and error bars represent ± standard deviation of the mean of 3 replicates
per time period. Some error bars are reduced enough and not visible at some
points.

Clear differences were evident among the sorption capabilities of the three media.
These results suggest that the clay can function effectively both in short and long term
sorption of E2, which would be very effective in wastewater tertiary treatment for
estrogen compounds. Given the excellent sorption capabilities of clay at high exposure
concentrations during the ten day exposure experiment, a conclusion could be made that
this substrate would perform well in relatively instant removal of E2 and similar
compounds. Some practical processes might include using the media as a base substrate
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in constructed wetlands or as a media base in flow through a reactor or a fixed bed
bioreactor. Activated carbon is somewhat similar to clay and can be as effective as clay
in sorption of E2 (Fukuhara et al., 2006; Li et al. 2012; Reungoat et al. 2011; Snyder et
al., 2006). However in another similar study, equilibrium of E2 sorption to activated
carbon was reached within 125 hr. (Zhang and Zhou, 2005), but in this study clay never
achieved equilibrium in any of the experiments. Once saturated, activated carbon must
be either recharged or removed and replaced, which could add to operating costs.
Nevertheless, clay would have extended life in sorption capabilities and would have a
longer period of operation than activated carbon.
Biodegradation in synthetic wastewater
To further evaluate potential mechanisms for enhancing removal of E2 using
methods that can be adapted for wastewater treatment plant processes, the potential
biodegradation of E2 supported by clay, brick, and sand in fixed bed bioreactors supplied
with synthetic wastewater spiked with E2was evaluated. Removal of E2 in fixed bed
bioreactors lined with clay was nearly complete (100%) (Figure 2-11). Both sand and
brick also facilitated 90% percent removal. These removal percentages were much
higher than anticipated, based on results of sorption experiments, suggesting that
biological activity was an important mechanism driving removal of E2 in the
experimental treatment systems.
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Figure 2-11. Percent removal via biodegradation of E2 in fixed bed bioreactors
equilibrated with synthetic wastewater. Values presented are mean removal
efficiencies and error bars represent ± standard deviation of removal efficacy. (n=9)

Biodegradation is a critical process controlling removal of E2 from wastewater
effluent according to previous research (Koh et al., 2009; Stasinakis et al., 2010; Xu et
al., 2009) and is controlled by bacteria found in wastewater. Exposure time is a key
factor moderating relative impact of biodegradation on E2 removal (Kreuzinger et al.,
2004). Bacteria generally grow on any substrate, and in many cases can grow in
suspending colonies, commonly referred to as activated sludge, in a treatment process
(McAdam et al., 2010). The microbial colonies present on our media were able to
degrade E2 from the synthetic wastewater in a short time period with recirculation rates
of 37.8 liters/hour. Fixed bed bioreactors may be a good option for use in a tertiary
treatment system. One major issue with any tertiary treatment system is the concomitant
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increase in holding time for wastewater. Most wastewater treatment systems were
designed to have a holding capacity and flow rate that favors removal of nutrients and
solids to recommended limits and in some extreme circumstances (e.g. excessive rainfall
or rapids storm events) are unable to effectively remove these targeted contaminants.
Functioning with these short retention times (averaging 12 to 24 hours) most wastewater
treatment facilities do not have the capacity to hold larger volumes of water, which would
extend retention time and increase removal of E2.
Biodegradation in actual wastewater
Because biodegradation in synthetic wastewater effectively reduced E2
concentrations, we determined that characterization of the biodegradation potential of
actual wastewater was needed. Thus, the suspended solids content of wastewater effluent
at the Clemson University wastewater treatment facility was assessed and initiated
experiments utilizing effluent collected from the final stage of treatment. Biodegradation
of E2 in the presence of the wastewater in media filled fixed bed bioreactors was very
similar to the synthetic wastewater experiment (Figure 2-12). The positive controls
(blank treatment), with no media, also exhibited high percentages of E2 reduction.
However, the biological activity innate to the wastewater alone enabled similar removal
percentages, when compared with media filled fixed bed bioreactors. The bacterial mass
associated with the media worked well to facilitate degradation of E2; however, the
addition of suspended biological activity throughout the water column offered potential
for enhancement of this microbially-aided degradation.
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Figure 2-12. Biodegradation of E2 in fixed bed bioreactors equilibrated with actual
wastewater. Values presented are mean removal efficiencies and error bars
represent ± standard deviation of removal efficacy. (n=9)

Other researchers have confirmed that sorption can enhance E2 removal;
however, biodegradation facilitated removal of more than 90% of the EDCs studied
(Muller et al., 2008). Aerobic conditions also enhance the biodegradation of EDCs (Joss
et al., 2004; Matamoros et al., 2009). The combination of aerobic bacterial activity and
longer retention times may result in 90% or more reduction in estrone and E2 (Joss et al.,
2004). These finding concur that simple operational changes in wastewater treatment
facilities could facilitate increased removal of endocrine disrupting compounds.
Wastewater treatment stage and E2 removal
The unexpected nature of the biodegradation of E2 facilitated simply by the
biological activity innate to wastewater led us to develop an experiment evaluating the
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various components of wastewater that could enhance degradation of E2 via
biodegradative activity. Within two hours of initiating each experiment, E2
concentration decreased (80 to 95%) for all treatments except the DI blank (Figure 2-13).

Figure 2-13. Reduction in E2 concentration over time for samples from different
treatment processes in the Clemson wastewater facility. Samples included
wastewater with biofloc (WWWB) wastewater without biofloc (WWWOB) and
wastewater final settling (WW FS). Error bars represent the standard deviation of
the treatment mean (n = 6).

The fastest reduction in E2 was recorded for the wastewater sample with biofloc
(WWWB). Wastewaters without biofloc (WWWOB) demonstrated similar results, but
percent E2 removed was significantly lower (Figure 2-14). Wastewater from the final
settling (WWFS) also facilitated a gradual decline in E2 concentration over the 24 hour
period, and after 48 hours, all samples with biological activity facilitated reduction in E2
to levels below our detection limits (Figures 2-13 and 2-14). Wastewater from the
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activated sludge unit demonstrated almost complete degradation of E2 in a 24 hour
period.

Figure 2-14. Percent removal of E2 over time for samples from different treatment
processes in the Clemson wastewater facility. Samples included wastewater with
biofloc (WWWB) wastewater without biofloc (WWWOB) and wastewater final
settling (WW FS). Error bars represent the standard deviation of the treatment
mean (n = 6). Different letters designate significant differences among treatments (α
< 0.05).

These results illustrate the potential of E2 removal via treatment mechanisms
currently in use at wastewater treatment plants. The one factor that may limit application
is the sludge retention time required to achieve adequate degradation. Findings found in
this study with E2 degradation concur with the findings of other researchers, in that
increased hydraulic retention times enhanced degradation of EDCs (Kreuzinger et al.,
2004; Stasinakis et al., 2010).
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Conclusions
The clay substrate efficiently sorbed E2 during both short and long-term exposure
scenarios. Biodegradation of E2 in fixed bed bioreactors equilibrated with synthetic
wastewater was also greatest for columns filled with the clay. Clay was the best substrate
of those tested for use in fixed bed bioreactors to facilitate E2 removal, likely because of
a combination of enhanced sorptive and biodegradative processes.
When actual wastewater was utilized within our fixed bed bioreactors
biodegradation was enhanced, and E2 removed more quickly from the wastewater. The
biological activity innate to wastewater treatment plants may be adequate to reduce
concentrations of EDCs to levels that are no longer biologically relevant if retention time
within the sludge or clarifier was increased. In contrast to 70 to 80% reduction of E2 in
municipal facilities, reduction in industrial wastewater facilities only reaches about 4%,
and this is likely related to bacterial communities present (Layton et al., 2000). Increased
residence times along with a healthy activated sludge unit could potentially prove to be
the best solution for reducing the concentration of compounds of interest in current
wastewater treatment plant effluent. However, due to the limited holding capacity of
these systems and lack of land or funds for expansion, EDC removal will likely not be
improved without regulations mandating concentration limits.
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Appendix A

Item 1. Output from radioimmunoassay analysis containing counts per minute
(CPM) and coefficient of variation (CV) values for sample blanks and 7 calibration
standards. Standards were run in duplicate and CPM averaged for calibration
curve.
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Item 2. Response curve generated from calibration standards for
radioimmunoassay analysis of E2, from which sample concentration and
measurement accuracy are derived.
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Appendix B

Item 1. Physical characteristics of crushed brick, clay and sand used in the
experiments. Results shown as means (n=3) with standard error (Nyberg, 2011).
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CHAPTER 3: ALGAE-AIDED (PSEUDOKIRCHNERIELLA
SUBCAPITATA) REMOVAL OF 17Β-ESTRADIOL FROM
WASTEWATER

Abstract
Removal of endocrine disrupting compounds (EDCs) from municipal wastewater
is a major concern with regard to the health of both humans and the environment.
Human derived EDCs such as 17β-estradiol are present in domestic wastewater effluent
at levels (100 to 150 ng/L) that can compromise the normal endocrine functions of
aquatic organisms in receiving streams, leading to decreased fecundity and increased
feminization in some populations. The critical processes that control degradation of
EDCs in wastewater treatment facilities include biologically active sludge and extension
of hydraulic and sludge retention times. The use of algae as a biologically active
treatment approach shows promise as a tertiary treatment process for wastewater
treatment plants to further reduce EDC concentrations in wastewater effluent. The goal
of this study was to quantify the impact of algae (Pseudokirchneriella subcapitata) on
removal of 17β-estradiol from wastewater effluent. To accomplish this goal the capacity
of algal cells to facilitate 17β-estradiol removal whether via sorption or metabolism-aided
degradation processes was determined and quantified the impact of increasing 17βestradiol concentrations on the density and growth of algal communities. Increasing
densities of algal populations enhanced removal of 17β-estradiol from wastewater over a
24-hour period. At algal densities > 24 million cells/mL > 95% of 17β-estradiol was
removed from solution. When algal populations of the same density (12 million
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cells/mL) were exposed to increasing concentrations of 17β-estradiol from 55 to 10000
ng/L over a 24-hour period, between 85 and 100% of aqueous 17β-estradiol was removed
at 55, 500 and 1000 ng/L exposure concentrations. Removal of 17β-estradiol by algae
exposed to higher concentrations (3000 and 10000 ng/L) of 17β-estradiol averaged ≤
90%, and both exposure concentrations were significantly different (P = 0.05) from lower
concentrations (55, 500 and 1000 ng/L). Removal of 17β-estradiol was similar whether
algae were exposed to light or dark conditions (P = 0.05). However, 17β-estradiol
removal facilitated by sorption to algal mass alone was low, with little additional 17βestradiol removed after dried algal tissue binding sites were saturated over a 24-hour
exposure period. These results suggest that biological processes (metabolism and
degradation) are the primary mechanisms driving removal of 17β-estradiol from aqueous
solution in these lab-scale algal treatment systems, rather than sorption to organic
material or photodegradation. Because of this type of metabolic activity, algae may be
utilized successfully in tertiary wastewater treatment schemes to facilitate removal of
17β-estradiol and algal biomass could further be recycled as a renewable fuel production
source.

Introduction
The presence of organic micro-contaminants in the aquatic environment has been
extensively examined (Auriol et al., 2006; Falconer et al., 2006; Ghasemi et al., 2011;
Stangroom et al., 2010). However, there is limited recognition and scrutiny of the fate
and behavior of endocrine disrupting chemicals (EDCs) in the aquatic environment.
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Many EDCs are now considered environmental toxins, even at low exposure
concentrations (Jones et al., 2007; Jones et al., 2001; Mills and Chichester, 2005).
Contamination of soil and water systems with natural and synthetic steroid hormones and
their metabolites is a major concern due to their potential for endocrine-disrupting
activity (Kolpin et al., 2002). Steroid hormones, also classified as EDCs, are considered
compounds of interest by both the scientific community and popular media because of
their potential to decrease sperm counts, increase occurrence of cancer (testicular,
prostate, and breast), and reproductive disorders in human males (Colborn et al., 1993;
Racz and Goel, 2010; Sharpe, 2001; Snyder et al., 2003). A limited amount of
information is known about the adverse effects of these compounds on human health
after minimal exposure via drinking water or through dietary sources (Li et al , 2012;
Stackelberg et al., 2007; Westerhoff et al, 2005).
Hormones are released into the environment from human and animal sources on a
consistent basis (Shore and Shemesh, 2003) and are stable and excreted either in their
endogenous, active form or as conjugates that are easily bio-transformed into the free
form (Baronti et al., 2000; Duong et al., 2011). The concentration of 17β-estradiol (E2)
and estrone excreted in human urine are on the order of 4.4 kg/yr/million inhabitants
which accounts for 50% of the observed EDCs in wastewater treatment plant influent
(Johnson et al., 2000; Legler et al., 2002).
One major source of EDC entry into the natural environment is via wastewater
treatment plant effluent. Hormones from human sources enter municipal wastewater
plants in the nanograms per liter concentration range. As human populations increase,
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wastewater treatment capacity must expand to accommodate increased waste production;
however, typical treatment methods do not effectively remove EDCs or their chemical
metabolites that are excreted by humans in urine or feces. Elevated concentrations of
hormones and their conjugates or metabolites are then directly transported to surface
waters facilitating subsequent, downstream exposures to wildlife including fish,
amphibians, and other mammals (Brian et al., 2005; Gunnarsson et al., 2009; Vajda et al.,
2011).
For the reasons described above, tertiary treatment methods must be developed to
improve wastewater treatment technology and to modify existing facilities to further treat
water before these compounds enter the environment. Traditional wastewater treatment
technology combines simplistic techniques to overcome difficult tasks, employing
settling as a means for solids removal and activated sludge for nutrient degradation. The
same treatment schemes and processes can also help eliminate EDCs. Endocrine
disrupting compounds can sorb to both living microorganisms (bacteria) and inorganic
solids. The target compounds readily sorb to inorganic solid surfaces. Because of their
moderate hydrophobicity, sorption is a key removal mechanism for these compounds (Lai
et al., 2002). Koh et al. (2009) evaluated sorption rates in two biological wastewater
processes and reported that differences in removal were evident in relation to LogKow
values. Researchers question whether the main mechanisms of sorption-aided removal is
facilitated by compound adsorption onto the surface of the inorganic solid or interception
by bacterial films present on the surface of the solid. If surface chemistry is the main
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mechanism aiding sorption, it may be possible to select for or configure the surface
chemistry of the media utilized in the treatment unit to facilitate greater EDC removal.
Conversely, living organisms (bacteria, fungi and algae) can be used to facilitate
removal and sorption of EDCs via processes such as concentration, magnification,
transformation and degradation (Lai et al., 2002). Specifically, algae may play an
important role in the fate of EDCs in the environment given their substantial biomass,
reproduction rates, extensive range of habitat, and diversity (Lai et al., 2002). Sijm et al.
(1998) also suggested that algae may degrade or accumulate EDCs, thereby acting as a
medium for bioaccumulation and potential biomagnification of EDCs into higher trophic
levels, leading to toxic effects or reduced fitness.
Thus, the goal of this study was to investigate the impact of algae
(Pseudokirchneriella subcapitata) on removal of E2 from wastewater effluent and to
quantify the utility of algal biomass for tertiary wastewater treatment processes. This was
accomplished by characterizing:
1. the capacity of various algal densities to facilitate removal of E2,
2. the ability of algal cells to remove increasing E2 concentrations under light
and dark conditions,
3. determine E2 removal route by algal cells whether via sorption or
metabolism-aided degradation processes, and
4. the influence of increasing E2 concentrations on the density and growth of
algal communities.
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Materials and Methods
Experimental Design
Two series of experiments were conducted to address the research objectives.
Both experimental series were repeated to verify validity of results. The first series of
experiments were designed using a 6 x 1 factorial design, with five experimental units per
treatment (6 algal densities x 1 light) when evaluating the impact of algal density on
removal of E2 from solution. The second series of experiments was a 5 x 2 factorial
design with ten experimental units per treatment (5-E2 concentrations x 2 light) when
evaluating the capacity of one density of algal cells to remove E2 when exposed to
various concentrations of E2 under light and dark conditions. One subsidiary experiment
with freeze-dried algae was performed to quantify removal of E2 aided solely by sorption
to algal biomass. The experiment was designed to determine removal rates using a 4 x 1
factorial (4-E2 concentrations x 1 light) design with ten experimental units per treatment.
All experiments evaluated the removal efficiency of E2 as influenced by presence of
Pseudokirchneriella subcapitata, which was determined using the following equation:

Removal efficiency (%) =

(C - C ) x 100
I

T

CI

[1]

where CI = initial E2 exposure concentration and CT = E2 aqueous concentration after 24
h equilibration period.
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Compound of interest - E2
17β-estradiol (E2, purity >98%, Lot # 010M0142) was purchased from SigmaAldrich Chemicals (St. Louis, Missouri), and due to low aqueous solubility, E2 solutions
were prepared by dissolving E2 in pure methanol. A stock solution of 1000 mg/L E2 was
prepared initially followed by serial dilutions to be later mixed in solution for testing.
The composition of the stock solution with respect to solvents was less than 2% (v/v) for
all test solutions.
Pseudokirchneriella subcapitata culture techniques
Pseudokirchneriella subcapitata, formerly known as Selenastrum capricornutum,
is a freshwater microalga with a curved appearance similar to a crescent moon. Cells
normally occur in solitary form and are between 8 and 14 µm in length, and a between 2
and 3 µm in width. Pseudokirchneriella subcapitata is commonly used as a bio-indicator
organism to assess levels of nutrients or toxic substances in aquatic environments. This
species of algae is quite sensitive to the presence of toxic substances and has a ubiquitous
distribution, which establishes its utility for toxicological testing.
Culturing P. subcapitata for experiments in this chapter and in Chapter 4 was
accomplished with the following procedure. Nutrient water was produced by adding 3
mL of each solution to 1 liter of DI water in a 2.5 L flask, covered and autoclaved at 210
o

C for 2 hours. The chemical components and approximate concentration of each

component of the nutrient water used to support the algal cell cultures are listed in Table
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3-1. When the autoclave process was completed, the water was removed from the unit;,
the flask recovered and set aside to cool to room temperature for 24 hours.
Table 3-1. Chemical makeup of nutrient water used to culture Pseudokirchneriella
subcapitata. Nutrient water was prepared by mixing 3 mL of each solution to 1 liter
of DI water and autoclaved for sterilization.

Solution

Chemical/Amount

Solution 1: Diluted to 500mL

2.85g - MgCl2
2.2 g - CaCl2 -2H2O
12.75 g - NaNO3

Solution 2: Diluted to 500mL

7.35g - MgSO4 – 7H2O

Solution 3: Diluted to 500mL

0.684g - K2HPO4-3H2O

Solution 4: Diluted to 500mL

7.5g - NaHCO3
Solution A:
92.8mg - H3BO3
2.08mg - MnCl2-4H2O
79.9mg - FeCl3
150.0mg - NaEDTA

Solution 5: Diluted to 500mL

Solution B: (Made in advance and 0.5mL of
each added to Solution A and diluted to 500mL.)
ZnSO4-7H2O - 690.0mg – 100mL water
CaCl2-2H2O – 60.0mg – 100mL water
CoCl2-6H2O – 142.8mg – 100mL water
Na2SeO3-5H2O – 333.0mg – 100mL water
Na2MoO4-2H2O – 18.3mg – 100mL water

The flask containing the sterile nutrient water was placed on a stir plate under artificial
grow lights (2,000 lumens), aerated to maintain cell suspension, and both were adjusted
as the cell density increased. Once setup was completed, P. subcapitata (1mL of pure
culture) was introduced into the flask and allowed to grow. Cell density was checked
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periodically using a hemocytometer and microscope and once the maximum density (60
million cells/mL) was achieved, the algal cells were harvested and used throughout the
experiments. Pseudokirchneriella subcapitata was also used to evaluate a food borne
pathway relationship between E2 inoculated algae and Daphnia magna which will be
discussed in Chapter 4.
Algal density and E2 removal
Static, 24-hour tests with P. subcapitata at 0 (NW0e), 12 (NW12e), 24 (NW24e),
48 (NW48e), and 60 (NW60e) million cells/mL density were conducted to examine the
potential of algal cells to remove E2 from solution (Figure 3-1). Removal of E2 from the
aqueous phase whether via sorption to or metabolism by algal cells in lighted conditions
was calculated. The experiment was repeated (run 1 and run 2). Initially, one liter of
concentrated algae (60 million cells/mL) was collected from the original culture unit of P.
subcapitata. One liter aliquots of each lesser density of algae were produced by diluting
the original concentrated culture with extra nutrient water obtained from the culture unit.
During each run, 50 mL aliquots of appropriate densities of P. subcapitata were
apportioned into each experimental unit and were spiked with 900 ng/L of E2 in Run 1
and 1200 ng/L E2 in Run 2. Each algal density included five replicate experimental units
and a blank with no spiked E2. To further elucidate whether potential removal was due
to algal mediated processes or due to matrix (nutrient water) effects, the nutrient water
used to culture P. subcapitata was spiked with E2, with no algae addition (NW0e), and
reductions in aqueous E2 concentration over the same 24-hour time period were
evaluated.
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Figure 3-1. Algal densities used to determine E2 sorption or metabolism capabilities
in solution. Static, 24-hour tests were performed with P. subcapitata 0 (with
(NutWE2 and without E2), 12 (NW12e), 24 (NW24e), 48 (NW48e), and 60 (NW60e)
million cells/mL.

E2 concentration and algal-aided E2 removal
Setup was similar to previous experiment, with 50 mL of solution apportioned
into each experimental unit; however, P. subcapitata density (12 million cells/mL) was
held constant while E2 exposure concentrations varied: 55, 500, 1000, 3000 and 10000
ng/L (Figure 3-2). Water samples were collected at time 0, 2, 4 and 24 hours to
characterize the potential E2 removal via sorption or biologically mediated processes
over time. Replicate samples of P. subcapitata were separated into two groups for 24
hour exposure to E2 under both light and dark conditions, because some studies indicated
that E2 is susceptible to photodegradation (Ge et al., 2009; Mazellier et al., 2008). By
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exposing algal cells to both light and dark conditions, the influence of photodegradation
on E2 was quantified during the experiments.

Figure 3-2. For constant algal density/increasing E2 concentration experiment,
setup consisted of P. subcapitata density (12 million cells/mL) and E2 concentrations
which were set at 55, 500, 1000, 3000 and 10000 ng/L. Water samples were
extracted at time 0, 2, 4 and 24 hours to characterize the potential E2 sorption over
time.

Quantifying the potential for sorption of E2 to/within algal cells under light and
dark conditions was performed by deriving Freundlich and Langmuir isotherms with the
data obtained from the experiments. Data were fitted to determine sorption capacity and
saturation coefficients. Equations used to determine isotherm coefficients were discussed
in Chapter 2. Algal densities were recorded pre- and post-exposure to E2, to evaluate
possible influence of E2 on algal cell density (population fitness).
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E2 sorption to dried algae
Sorption of E2 to dried (dead) algae was quantified to better characterize how E2
interacts to the surface of algal cells. Spirulina ssp. was the species of choice and used in
the experiments because of the unique “crescent moon” shape that was achieved when
the dead algae were crushed. The shape of Spirulina ssp. obtained after crushing assured
similar comparison was achieved when conducting the experiments between live and
dead algae. Utilizing dead tissue permitted differentiation between biological-aided
uptake and sorption of E2. The sorption rates of E2 to P. subcapitata were compared to
those of freeze-dried Spirulina ssp. to derive a sorption relationship.
The experimental setup was similar to the live algae experiments, however freeze
dried Spirulina ssp., density (12 million cells/mL) was held constant and E2
concentrations were set at 55, 500, 1000 and 10000 ng/L. Determination of density for
spirulina ssp. was similar to obtaining density levels for live cells. Dried algae were
added to solution, wetted and cells were counted using a hemocytometer and microscope.
Water samples were extracted at time 0, 2, 4 and 24 hours to characterize the potential E2
sorption over time. Freeze dried spirulina was suspended in an E2 /deionized water
solution and cells were allowed to become saturated. Freundlich and Langmuir isotherms
were fit to sorption data, and sorption capacities of living and dead algae were compared.
Sorption isotherm coefficients were calculated to enable direct comparison of maximum
sorption capacities between live and dead algae.

86

Radioimmunoassay based detection of E2
Radioimmunoassays (RIAs) generally employ radiolabelled antigens for
quantitative detection of antigens. Many commercially developed RIAs have been
utilized in the medical field for clinical testing (Aga, Thurman, and Pomes, 1994).
Currently available commercial RIA kits are highly sensitive and provide a reliable,
simple procedure that utilizes very small sample volumes (100 µL). Because of the
enhanced sensitivity and reliability of RIA test kits, our analyses for E2 were conducted
using RIA kits from Siemens Healthcare Diagnostics, Inc. (New York). The testing
procedure we used for quantification of E2 involved the Coat-A-Count™ (TE21)
procedure, which is based on antibody-coated tubes and can detect E2 in the range of
pg/mL. Final concentrations for samples were recorded as pg/mL. Specifics for RIA test
kit analysis and quality assurance for tests can be found in Chapter 2.
Statistical analysis
Sorption data were analyzed using Jump (JMP) 9.0 Statistical Software (SAS
Institute Inc. Cary, NC). Comparisons of E2 removal among runs for each experiment
were completed to determine if multicolinearity was present among treatment parameters.
Correlation analyses among treatments were conducted using JMP regression analysis
procedure with least squares comparison (P < 0.05). Treatment main effects (E2
removal) were analyzed within and among treatments using JMP general linear model
(GLM) and means were separated using the LSMeans option within the student’s t test
procedure ( = 0.05).
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Results and Discussion
Algal density and E2 removal
An overall decrease in E2 levels over time was recorded for each density of P.
subcapitata examined. E2 removal data are presented as separate runs, due to a
significant difference in initial E2 level. The initial mean exposure concentration for run
1 was 838 ± 47 (mean ± standard deviation) ng E2/L and after two hours, the three higher
P. subcapitata densities facilitated greater reduction in E2 than the lowest algae density
(Figure 3-3).

Figure 3-3. Run 1 - 17β-estradiol removal over 24 hour period facilitated by
increasing densities of P. subcapitata cells cultured in nutrient water.
Abbreviations: NW0e = nutrient water with E2 and no algae, NW12e = nutrient
water with 12 x 106 cells/mL algae exposed to E2, NW24e = nutrient water with 24 x
106 cells/mL algae exposed to E2, NW48e = nutrient water with 48 x 106 cells/mL
algae exposed to E2, and NW60e = nutrient water with 60 x 106 cells/mL algae
exposed to E2. Error bars represent the standard deviation of the treatment mean
(n = 5).

88

Reduction of E2 in the NW12e and NW0e treatments were similar during the first four
hours, but thereafter the rate of decline increased within the NW12e treatment, and the
final reduction in E2 after 24 hours were similar to that of the three higher exposure
treatments. Conversely, in run 2 the mean E2 exposure concentration was 1130 ± 17 ng
E2/L, and the two greatest P. subcapitata densities (NW48e and NW60e) were the only
densities to demonstrate sharp declines in E2 levels in the first four hours (Figure 3-4).

Figure 3-4. Run 2 - 17β-estradiol removal over 24 hour period facilitated by
increasing densities of P. subcapitata cells cultured in nutrient water.
Abbreviations: NW0e = nutrient water with E2 and no algae, NW12e = nutrient
water with 12 x 106 cells/mL algae exposed to E2, NW24e = nutrient water with 24 x
106 cells/mL algae exposed to E2, NW48e = nutrient water with 48 x 106 cells/mL
algae exposed to E2, and NW60e = nutrient water with 60 x 106 cells/mL algae
exposed to E2. Error bars represent the standard deviation of the treatment mean
(n = 5).

In run 2, removal rates for all algal densities, except NW12e and NW24e, were
significantly different between zero and four hours (P < 0.0001). Between zero and four
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hours, NW12e and NW24e facilitated similar E2 reduction rates, which were
significantly different from the blank but not each other (P = 0.033). The rate of E2
reduction in the NW0e treatment followed the same path as NW12e.
Final E2 concentrations in both runs were similar. The concentration of E2 in
NW0e was reduced to approximately 400 ng/L and in all samples containing algae was
reduced to <100 ng/L. Results also suggest a twofold process where there is an initial
rapid sorption process in the beginning stages of exposure, followed by gradual reduction
that may be facilitated by cellular metabolism and degradation. Additionally, E2 removal
in NW0e can be attributed to an interaction of the compound with the chemical makeup
of the nutrient water. One proposed theory involves the process of photolysis of E2 not
by direct light sorption but by indirect means of a photoinhibitor as previously discussed
(Chapter 2). Chowdhury et al. (2011) investigated photodegradation of E2 and the
influence of water parameters and determined that the presence of natural water
constituents, such as NO3-, Fe3+ and humic acid, increased photodegradation rates. Many
of the components of the nutrient water could contribute to increased degradation rates.
E2 removal in the nutrient water matrix, without algal addition (NW0e) was
considerable and removal rates were > 50% (Figure 3-5). Removal rates increased with
increasing algal density (p ≤ 0.001). Removal rates of E2 were > 90% for all algal
densities, with significantly greater removal rates for both NW48e and NW60e in
comparison with NW12e. The difference in E2 removal efficiency between runs for
NW12e is explained by the difference in initial concentration.
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In a similar study involving algae (Anabaena cylindrica, Chlorococcus, Spirulina
platensis, Chlorella, Scenedesmus quadricauda, and Anaebena var) and duckweed
(Lemna species) only 35% of E2 was removed by algae and approximately 80% by
duckweed (Shi et al., 2010). Results from the Shi et al. (2010) study are considerably
different from our study results; we recorded much higher percentages of removal of E2
from the liquid phase, with ten times less algae at the highest density.

Figure 3-5. Percent removed of E2 by different densities of P. subcapitata.
Abbreviations: NW0e = nutrient water spiked with E2, but with no algae; NW12e =
nutrient water with 12 x 106 cells/mL algae exposed to E2, NW24e = nutrient water
with 24 x 106 cells/mL algae exposed to E2, NW48e = nutrient water with 48 x 106
cells/mL algae exposed to E2, and NW60e = nutrient water with 60 x 106 cells/mL
algae exposed to E2. Error bars represent the standard deviation of the treatment
mean (n = 5). Significant differences within treatments are designated by * and
significant differences among treatments are designated by letters (α < 0.05).

The rate of removal was different for the two studies. Shi et al. (2010) described
very rapid removal from 0 to 20 minutes with minimal removal for the rest of the run
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(180 minutes), but in our study E2 removal was rapid during the first four hours and then
gradually decreased from four to 24 hours. The differences found in our study may relate
to the difference in removal rates between the two runs in our study and demonstrate a
relationship in E2 concentration and removal by algae. At higher concentrations we
reported a decrease in removal during the first two hours; thereafter, removal was no
longer influenced by initial concentration. The exposure concentrations of E2 in our
study were in the ng/liter range and for Shi et al. (2010) the E2 concentrations were in the
µg/L range. Their higher concentration range may have allow for the rapid removal
process, however a saturation level may have been reached and any other process such as
degradation, may have been inhibited and removal was ceased.
E2 concentration and algal-aided E2 removal
Removal of changing E2 concentrations at one algal density (12 million cells/mL)
was assessed. E2 concentrations were consistently decreased after exposure to algal
communities, under constant light (Figure 3-6).
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Figure 3-6. Removal of increasing concentrations of E2 from solution after
exposure to P. subcapitata cells at constant initial density under light conditions.
Error bars represent the standard deviation of the treatment mean (n = 10).

At lower E2 exposure concentrations, removal rates remained consistent and reduced to
levels lower than detection limits over a 24 hour period.
At 1000 ng/L, a sharper decline in E2 concentration occurred between zero and
two hours, followed by a gradual decrease from two to 24 hours. The decline in detected
E2 for the 10000 ng/L treatment was gradual, averaging 50% over the first four hours;
after 24 hours, E2 was reduced further to a total percent removal of 89 ± 6.0%. Results
were similar for the experiment conducted under dark conditions (Figure 3-7).
Differences were noted between E2 removal rates in light and dark conditions with no
significant difference observed at each concentration except at 500 ng/L, where greater
removal was detected in dark conditions.
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Figure 3-7. Removal of increasing concentrations of E2 from solution after
exposure to P. subcapitata cells at constant initial density under dark conditions.
Error bars represent the standard deviation of the treatment mean (n = 10).

Pseudokirchneriella subcapitata facilitated highly efficient removal of E2 at 55,
500, and 1000 ng/L exposure concentrations (Figure 3-8). The only significant difference
in removal of E2 in the light and dark was recorded for the 500 ng/L E2 exposure, where
algae exposed to E2 in the light facilitated greater removal than those in the dark,
however, with the error taken into consideration this does not seem to be significant. Lai
et al. (2002) described similar outcomes when Chlorella vulgaris was exposed to E2, but
with a dramatic decrease in E2 in dark conditions as compared to light conditions at
higher E2 concentrations; these results differed from ours.
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Figure 3-8. Percent removal of increasing E2 concentrations facilitated by exposure
to P. subcapitata under light and dark conditions. Error bars represent the
standard deviation of the treatment mean (n = 10). Different letters designate
significant differences among treatments (α < 0.05).

In our study conditions, at lower E2 concentrations (3000 ng/L), the opposite effect was
noticed. E2 was removed more rapidly in dark conditions between 0 and two hours
(Figure 3-7). Overall, the slight differences in reduction of E2 in our light and dark
experiments can likely be attributed to biochemical processes in the algae.
Photosynthetic activity provides a mechanism (i.e., oxygen production/oxidation) for
removal of E2. Furthermore, better reduction in E2 in light conditions may be due to
metabolism by the algal cells, which has been potentially linked to the conversion of E2
to estrone (Lai et al., 2002). Lai et al. (2002) also reported that C. vulgaris demonstrated
a preference for estrone over estradiol in both light and dark conditions. Based on these
results, algal biotransformation is likely a significant pathway reducing estrogenicity and
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increasing polarity of estrogens for continued breakdown (Ghasemi et al., 2011; Greca et
al., 2008).
E2 removal data was modeled by fitting sorption isotherms of P. subcapitata
under both light and dark conditions (Figure 3-9A and 9B). The Langmuir equation
better described the mechanism by which E2 was removed in our algal systems, with r2
values of 0.902 and 0.882 for light and dark conditions, respectively. Maximum sorption
rates (Smax) determined by Langmuir equation for light and dark conditions were similar
(Table 3-2). Data indicated a strong binding strength (k value) between the two
conditions with dark condition have the higher value of 242.05. Average E2ad rates were
similar for the two conditions and were not significantly different (p ≤ 0.05). In other
similar studies, photodegradation has driven reduction of estrogenic compounds (Ge et
al., 2009b; Lin and Reinhard, 2005; Mazellier et al., 2008); however there were no
significant decreases in concentrations for this study. During both our light and dark
experiments, E2 concentrations declined from zero to four hours. This decline can be
attributed to sorption and a gradual decrease from four to 24 hours where cellular
metabolism begins to dominate and becomes more prevalent.
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Figure 3-9. Relationship between E2 sorption and aqueous equilibrium E2 for P.
subcapitata. Freundlich model (A) and Langmuir model (B) depicts E2 sorption
relationship under light and dark conditions. Values are the mean of nine replicates
and error bars represent ± the standard deviation of the mean per exposure
concentration. Some error bars are reduced enough and not visible at some points.
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Table 3-2. Freundlich and Langmuir coefficients derived from sorption isotherms
for live algae under light and dark conditions along with live and dead algae. E2ad,
average E2 adsorbed to substrate (standard deviation); b, slope; K, Freundlich
sorption coefficient; Smax, sorption maxima; k, binding strength.
Freundlich

E2ad (ng/kg)
(Std Dev)
Dark
Light

Alive
Dead

5.52E+06
(7E+06)
5.55E+06
(7E+06)
5.55E+06
(7E+06)
4.18E+05
(4E+05)

Langmuir

b

K

r2

Smax

k

r2

0.181

2.1E+06

0.735

3.33E+06

242.05

0.882

0.334

9.6E+05

0.870

3.39E+06

113.60

0.902

0.334

9.6E+05

0.870

3.39E+06

113.60

0.902

0.489

1.2E+04

0.948

4.36E+05

0.01

0.994

E2 sorption to dried and live algae at different E2 concentrations
To resolve uncertainty related to the mechanism driving E2 removal, it was
necessary to quantify the contribution of sorption to algal mass with reference to the
recorded removal values. Thus the removal of E2 facilitated by similar densities of live P.
subcapitata and freeze-dried Spirulina ssp. was evaluated. Spirulina spp. sorbed minimal
E2 at the exposure concentrations (Figure 3-10). The percent E2 removal facilitated by
Spirulina ssp. was then compared with that of P. subcapitata (Figure 3-11). It was
hypothesized that the difference in percent removal between the live and dried algae
numbers correlated to differences in removal between direct sorption to tissue and to
biologically mediated removal.
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Figure 3-10. Removal of E2 by freeze dried (dead) Spirulina ssp. exposed to
increasing E2 concentrations over a 24 hour period. Error bars represent the
standard deviation of treatment means (n = 10).

Figure 3-11. Comparison of percent removal of E2 at increasing E2 concentrations
by P. subcapitata and Spirulina ssp. Error bars represent the standard deviations of
treatment means (n = 10). Letters designate significant differences among
treatments (α < 0.05).
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Live P. subcapitata significantly increased removal of E2 (P < 0.0001) when
compared to the dried tissue. The difference in sorption to tissue and biologically
mediated removal were especially apparent with increasing E2 exposure concentrations
(Figure 3-11). Percent removal at 55 ng/L E2 was minor (34%) between live and dead
algae when compared to 10000 ng/L (80%), which illustrated processes favoring
biological metabolism of living algal cells at higher concentrations of E2.
Sorption of E2 to Spirulina ssp. tissue reached apparent saturation at exposure
concentrations between 55 and 500 ng/L, and at 10000 ng/L E2 < 5% was sorbed.
Sorption isotherms were modeled for P. subcapitata (live) and Spirulina ssp. (dry) under
light conditions (Figure 3-12A – B).
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Figure 3-12. Relationship between E2 sorption and aqueous equilibrium E2 for P.
subcapitata and Spirulina ssp. Freundlich model (A) and Langmuir model (B)
depicts E2 sorption relationship with live and dead algae. Values are the mean of
nine replicates and error bars represent ± the standard deviation of the mean per
exposure concentration.

The Langmuir isotherm better described the sorption of E2 to both live (r2 = 0.902) and
dry (r2 = 0.994) algae. Maximum sorption rates (Smax) determined by Langmuir equation,
and analyzed statistically for homogeneity of slope intercept, for P. subcapitata
(3.39x106) and Spirulina ssp.(4.36x105) were significantly different (p ≤ 0.05) (Table 32). The data indicated a strong binding strength (k value) for live (113.60) unlike the dry
algae (0.01). Sites may become saturated over time; therefor binding of E2 to the dry
algae is limited by availability of free binding sites.
The results suggest that algal mass has a limited sorption capacity, and that the
majority of the E2 removal was driven directly by biologically based processes. Shi et al.
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(2010) demonstrated that estrogens (estrone and E2) were successfully removed from
continuous-flow algae and duckweed ponds even at concentrations of nanograms per
liter. The existence of algae and duckweed enhanced removal of estrogens from
wastewater due to lipophilic tendencies of the compounds to adhere to substrate rather
than exist in solution. The work also suggested that the sorbed compounds were
successively degraded by microorganisms, algae, or duckweed in the wastewater
treatment system. The use of plant-based systems give the impression that successful
removal rates of estrogen compounds can be achieved initially by sorption and eventually
removed degradation processes through metabolic activity.
Effects of E2 on algal densities
Evaluation of potential effect of exposure to E2 on P. subcapitata population
fitness was done, by measuring algal density before and after E2 exposure. In light
conditions a hermetic effect takes place where at the lowest concentration (5 ng/L E2),
algal cell density increased slightly, but thereafter, as concentrations increased, algal cell
density decreased significantly when compared with initial cell density (p = 0.0001;
Figure 3-13). However, in dark conditions, no similar increase in density of P.
subcapitata exposed to 5 ng/L E2 was recorded. The density of algal populations
exposed to higher (55 to 10000 ng/L) E2 concentrations in the dark were reduced to a
similar extent.
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Figure 3-13. Initial and final (after 24 h) P. subcapitata cell counts of after exposure
to E2 in either light or dark conditions. Error bars represent the standard deviation
of the treatment mean (n = 10). Different letters designate significant differences
among treatments (α < 0.05).

The density of algae exposed to higher E2 concentrations in the dark were generally
significantly lower than those to algal populations exposed to E2 in the light. E2 appears
to reduce cellular reproduction leading to an overall decrease in algal density, especially
at higher exposure concentrations, which can have a negative effect on algae densities in
the ecosystem and could affect distribution of food chain organisms. The disruption in
the food chain may cause an imbalanced system and long-term problems for ecological
stability.
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Conclusions
This research with laboratory-scale algae-aided removal of EDCs via sorption and
biodegradative mechanisms displays promise for application as a tertiary treatment
process at wastewater treatments plants. E2 was successfully removed from an aqueous
matrix after exposure to algae at increasing densities. Overall, reductions in E2
concentrations were rapid within the first four hours, followed by gradual decrease from
four to 24 hours. More specifically, the decline in E2 concentrations at higher algal
densities demonstrated sharper decreases in concentration levels throughout the
experiment; higher densities of algae had positive response to E2 removal from solution.
Initial removal of E2 at changing concentration with a single algal density was almost
complete at lower concentrations, however, by increasing E2 concentrations the removal
process was delayed, however upon completion of the process E2 was 80 to 100%
removed from solution.
Removal of E2 did not change, whether exposures were carried out in light or
dark conditions, which can be beneficial when designing a tertiary treatment system to
understand that removal processes of E2 would not be lessened from daylight to
nighttime conditions and continued removal would exist. The isotherms developed in
this study to describe removal kinetics indicated algal communities sorbed/facilitated
removal of E2, with maximum removal of E2 occurring in the light with live algal
populations. Overall, isotherm results illustrated slight differences in maximum sorption
rates between light/dark conditions; differences in binding strength were very different
between the two conditions. Differences in binding strength may be associated with
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physical/chemical changes within the algal cell. Large differences between the maximum
sorption capacity and binding strength between the live and dry algae favored greater
removal with live algae. Live algae demonstrated sorption capabilities along with
cellular metabolism, which can be beneficial in overall E2 reduction in water. Finally, it
was determined that higher E2 concentrations directly affected algal density. Decreases
in algal density, likely if exposure concentrations are in the µg/L range, may disrupt food
chain pathways and affect ecosystem balance.
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CHAPTER 4: EFFECTS OF A HUMAN DERIVED HORMONE ON
MULTIGENERATIONAL SURVIVAL AND FECUNDITY OF
WATER FLEA, DAPHNIA MAGNA

Abstract
Natural and synthetic hormones and their metabolites have become a major focus
of concern due to their impact of endocrine disruption in living organisms. The presence
of natural hormones in the aquatic environment can be attributed to insufficient removal
in traditional wastewater facilities and their release through plant effluents. Elevated
concentrations of hormone metabolites and pharmaceuticals are directly transported to
surface waters, and subsequently downstream fauna, including invertebrates, amphibians,
and fish, are exposed to these compounds. Studies using invertebrates offer a unique
opportunity to examine endocrine disrupting activity in organisms lower in the food web.
Daphnia magna were utilized as a model organism to characterize the effects 17βestradiol on food chain micro-fauna. The endpoints measured to determine the effects of
17β-estradiol on D. magna population fitness included survival and reproduction. The
potential for bioaccumulation of 17β-estradiol by D. magna was evaluated by conducting
a 21-day static renewal study where D. magna were fed algae exposed with 17β-estradiol
and for bioconcentration of 17β-estradiol within D. magna by conducting two-generation,
21-day, static renewal studies. Survival and reproduction were recorded for both the first
and second generation of D. magna. During the second generation D. magna
experiments, neonates from the first generation were subjected to two treatments,
including a continued 17β-estradiol exposure treatment and a recovery/depuration
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treatment. Results for food-borne exposure indicated that 17β-estradiol influence on D.
magna populations is not through food-borne exposures (bioaccumulation), but rather
through aqueous exposures (bioconcentration). During this study, D. magna exposed to
17β-estradiol experienced reduction in survival and reproduction for generation 1
organisms, with carryover to the second generation, if not further, if exposure to 17βestradiol was not removed. When 17β-estradiol exposure ceased, D. magna recovered
almost immediately and reproduction was back to levels similar to control organisms.
Continued aqueous exposures of 17β-estradiol to generations of D. magna could results
in a decrease in population fitness or genetic bottlenecking, because continuously
exposed organisms are less likely to reproduce successfully in nature.

Introduction
Contamination of soil and water systems with natural and synthetic hormones and
their metabolites has become a major concern because of their endocrine disrupting
activity (Cajthaml et al., 2009; Hamid and Eskicioglu, 2012; Stangroom et al., 2010).
Hormones are classified as endocrine disrupting compounds (EDCs); these compounds,
with estrogen-like activity, can interfere with physiological functions such as production,
release, metabolism, or elimination of natural hormones involved with maintenance of
cellular homeostasis (Brennan et al., 2006; Kavlock et al., 1996; Sharpe, 2001). The
presence of natural hormones in the aquatic environment can be attributed to insufficient
removal in traditional wastewater facilities and their release in treated effluent (Desbrow
et al., 1998; Snyder et al, 2001). As human populations increase, wastewater treatment
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expands to accommodate increased wastewater production. However, typical treatment
methods do not effectively remove the hormones that humans frequently excrete in urine
or feces. Due to the large volumes of water treated at most wastewater treatment
facilities, the limited contact times in treatment processes hinder completion of processes
needed to reduce or eliminate these compounds. Some tertiary processes are also
effective at reducing EDC presence in wastewater, but the land needed for scale-up and
economic concerns make retrofitting many wastewater treatment plants cost prohibitive.
Conjugated-hormones in wastewater are the primary compounds present in
surface waters (Huang and Sedlak, 2001). Conjugated compounds can become
biologically active again after deconjugation by bacteria in treatment plants or the aquatic
environment (Zhang et al., 2011). Estrogenic compounds are typically found in
wastewater effluents at concentrations ranging from 0.1 to 20 ng/L (Baronti et al., 2000;
Desbrow et al., 1998; Kolodziej et al., 2003). 17-β estradiol (E2) has been detected in
wastewater in concentrations as high as 93 ng/L (Kolpin et al., 2002). Elevated
concentrations of hormone metabolites and pharmaceuticals are directly transported to
surface waters, which become an exposure route to downstream fauna including
invertebrates, amphibians and fish. This well-documented exposure route can
detrimentally impact both vertebrate and invertebrate populations by causing disruption
to the endocrine system. Some examples of negative impacts to fauna include extended
reproduction periods and intersex in mollusk (Benstead et al., 2011; Oehlmann et al.,
2007), malformation and feminization in frogs (Bundschuh and Schulz, 2011), abnormal
gonad development and sex hormone concentrations in alligators (Guillette, Jr. et al.,
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2000), and feminization of fish (Barber et al., 2012; Gunnarsson et al., 2009; Holbech et
al., 2006; Sumpter, 1995).
Limited work has been conducted evaluating the impact of EDCs on invertebrate
populations, despite their importance to ecosystem health. Invertebrate organisms
comprise more than 95% of aquatic species and are critical to the food web, yet very little
is known about their endocrine system or the impact estrogenic compounds have on them
(Gomes et al., 2004). As a result it is critical to first understand the impact of EDCs on
reproductive and developmental functions and the effects they may have on the
organism’s endocrine system.
Daphnia magna, more commonly called water fleas, are freshwater invertebrates
in the order Cladocera; they are a critical food web species in ecosystems and are
frequently used as a model species in ecological and toxicological experiments. Daphnia
magna have a very short life span (7 to 8 weeks), mature early, and give birth within a
week of being born (USEPA, 2002). Broods are produced every two to four days, and
averages of 20 or more neonates are reared per brood. Laboratory cultures of D. magna
are all female, due to diploid parthenogenesis, and reproduction can be limited to
parthenogenesis if proper culture conditions are maintained. Males are produced only in
response to environmental stress including lack of food, high populations, poor water
quality and potential chemical exposure (Tatarazako and Oda, 2007).
Algae maintain highly diverse populations in an array of habitats and serve as the
foundation for many food webs. Because of this, algae play an important role in the fate
of organic compounds released in the environment. Many pathways, including sorption
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and degradation to secondary compounds, are potential routes for possible
bioaccumulation and biomagnification into higher trophic levels (Ghasemi et al., 2011).
Daphnia magna is a primary consumer of algae and is one of many organisms in a
dynamic food web. Exposing D. magna to inoculated algae represents a possible trophic
route for bioaccumulation and potential biomagnification, which is important when trying
to understanding the effects of a particular compound and its environmental
transformations. E2 is prevalent in the environment and organisms can be exposed to it
via many exposure routes. E2 has multiple degradation pathways and can be transformed
into other compounds when certain criteria are met in the environment. Thus E2 was
chosen as our compound of concern in this study.
The goal of this project was to quantify possible effects of E2 on survival and
reproduction of food chain micro fauna, utilizing D. magna as a model organism. This
was accomplished by characterizing survival and reproduction of D. magna as influenced
by:
1. food-borne exposure to E2 , and
2. aqueous exposure to E2 over two-successive generations.

Material and Methods:
Compound of interest - E2
17-β estradiol (purity > 98%) was purchased from Sigma-Aldrich Chemicals (St.
Louis, Missouri) and due to low aqueous solubility, E2 solutions were prepared by
dissolving E2 in pure methanol. A stock solution of 1000 µg/mL E2 was prepared
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initially followed by serial dilutions for later mixing into aqueous solution for testing.
The composition of the stock solution with respect to solvents was less than 2% (v/v) for
all test solutions.
Food-borne Pathway Study
To evaluate potential toxicity of E2 on micro-fauna in aquatic systems, E2
inoculated algae were used as a feeding supplement for D. magna. The inoculated algae
were prepared and used in experiments investigating removal of E2 from aqueous
solution (Chapter 3). The experiment was designed to compare feeding with and without
inoculated algae to determine impact of E2 inoculated algae on survival and reproduction
of D. magna. The experiment had 12 experimental units for each treatment and was only
conducted once.
Pseudokirchneriella subcapitata (12 million cells/mL) were exposed to 1000 ng/L
E2 in solution. Potential desorption of E2 from algal cells was also monitored throughout
the experiment. The potential for bioaccumulation of E2 into D. magna was investigated
for 21 days with a static renewal test. Endpoints measured during the study were percent
survival and reproduction of D. magna. These endpoints allow for the quantification of
potential effects of E2 on invertebrate populations via food-borne exposure. Individual
D. magna were isolated within a glass test tube (12 mL) with 10 mL of moderate hard
water (MHW). Components of MHW are listed in Table 4-1. Moderately hard water,
inoculated algae (13 x 106 cells/mL) and yeast-cereal-trout chow (YCT) (5mL/L) were
mixed beforehand and distributed among the test tubes in 10 mL increments. The YCT is
a commercial brand food additive used for D. magna culture. Daphnia were transferred
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using a wide mouth sterile plastic pipettor (2 mL) from tube to tube. Once reproduction
began (≈ 7 days) the number of neonates per experimental unit were counted and
recorded. Test tubes were emptied, washed and allowed to dry for use the next day.
Each tube was renewed with fresh MHW along with inoculated algae and YCT every 24
hours. Test tubes containing individual daphnia for this experiment and all others were
placed in test racks and maintained in a temperature controlled incubator at 25°C with a
light cycle of 16:8 h light:dark.
Table 4-1. Moderately hard water components used to produce water for culturing
and experimental medium for testing survival and reproduction of Daphnia magna.
Components

Amount

Milli-Q Water

190 Liters

MgSO4

11.4 grams

CaSO4

11.4 grams

KCl

0.76 grams

NaHCO3

18.24 grams

Aqueous Pathway Study
The effect of aqueous exposure to changing E2 concentrations on D. magna was
evaluated with focus on quantifying the potential impacts of E2 on the survival and
reproduction. The experimental design consisted of a control (non-exposed) and
changing E2 (exposed) D. magna with replicates. E2 exposure concentrations were 5.5,
55, 500, 1000 and 10000 ng/L for run 1; 30, 60, 125, 500 and 1000 ng/L for run 2; and 5,
25, 50, 75, 100, 250, 500 and 1000 for run 3. Variations in exposure concentrations were
intentionally chosen to better characterize organism response to a range of
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environmentally pertinent concentrations of E2. Twelve replicate experimental units
were allotted to the control and to each treatment level. A control group of D. magna
was utilized to monitor and confirm survival of test organisms. Stock solutions of E2
dissolved in methanol were added to MHW to create a solution containing the target E2
concentration. Similar quantities as before of YCT and algae (P. subcapitata) were
added to the E2 inoculated solution, mixed, and distributed to individual glass test tubes
(15 mL). Neonates (< 24 hours old) were selected from a laboratory culture of D. magna
and introduced into each experimental unit. The tests performed were 21-day static
renewal tests. Each test vessel was renewed every 24 hours with fresh E2 inoculated
MHW along with algae and YCT. Adult survival and number of neonates/adult were
recorded during each renewal.
A multi-generation analysis was conducted when reproduction was successful for
first generation trials. This was accomplished by collecting neonates from first
generation organisms in trial 1. After 7 days of growth, adults began to produce
offspring and between day 15 and 18 when a sufficient amount of neonates were
collected for each treatment, at that time they were used to begin second generation trials.
If not enough neonates were produced for a certain treatment, the treatment was not
carried over to second generation trials. The multi-generation trial examined potential
carryover effects of E2 exposures to second generation neonates. Evaluating the
potential for organismal recovery was conducted by comparing the survival and
reproduction of second-generation organisms under continued exposure to E2
concentrations with organisms moved to clean water. The experimental unit setup was
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similar to first generation testing. Also, the test period was 21 days and survival and
number of neonates/adult was recorded daily for all treatments. Thus each run consisted
of two experiments that were conducted for a total 42 days.
Analytical Methodology
Quantification of E2 concentration was performed using radioimmunoassay (RIA)
for estradiol. Analyses for E2 for this study were conducted using RIA kits from
Siemens Healthcare Diagnostics, Inc. (New York). The testing procedure used for
quantification of E2 involved the Coat-A-Count™ (TE21) procedure, which is based on
antibody-coated tubes and can detect E2 in the range of pg/mL. Analysis of E2 with the
kit consisted of a series of standards run in duplicate followed by test samples. A set of
pre-mixed standards, provided in the kit, was included along with water samples to
develop a calibration curve for each test run. The standards were 0, 20, 54, 149, 493,
1828 and 3467 pg/mL of E2. Samples were taken initially during setup (day 0) and after
24 hours to determine consistency in E2 concentration. Samples were collected in the
same manner for day 7, 14 and 21.
Statistical Analysis
The data were analyzed using Jump Statistical Software (SAS Institute Inc. Cary,
NC). Run comparisons were initially completed to determine if multicolinearity was
present among parameters. Lethal concentration when 50% of organisms die (LC50) and
lowest observed effective concentration (LOEC) values were obtained using Jump
Product-Limit Survival Fit analysis for each run and combined runs. Comparison of
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reproduction within and among treatments for D. magna was determined using JMP
general linear model (GLM) and least squares comparison ( = 0.05). Correlation among
treatments was conducted using regression analysis (P < 0.05) procedure. Reproductive
means were separated using the LSMeans option within the student’s t test procedure.

Results and Discussion
Food-borne exposure of E2
To evaluate potential negative impacts to D. magna via food-borne exposure to
E2, algal cells (P. subcapitata) were inoculated with 1000 ng/L E2 and used them as a
food source, supplemented with YCT, for D. magna. After only 10 of the 21 days of our
experimental exposure, a decrease in the survival of D. magna fed inoculated algae was
observed, but no significant differences between control and treatment exposures were
recorded (Figure 4-1A). Even though survival of D. magna was slightly reduced after
feeding on E2 exposed algae, no significant difference in the average number of neonates
per adult was recorded between control organisms and those fed inoculated algae (Figure
4-1B). As no significant differences were detected between control and treated
organisms, algal-based, food borne exposure to E2 is not a viable route exposure for D.
magna. Results from this study concur with other research studies. In one study, estrone
inoculated algae (Chlorella vulgaris) was introduced to daphnia as a food source and it
was concluded that bioconcentration from aqueous medium was more significant than
trophic route exposure (Gomes et al., 2004). Randall et al. (1998) determined that E2
uptake by D. magna was dependent upon feeding rate, compound concentration in the
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Figure 4-1. D. magna fed inoculated algae containing 1000 ng/L E2. Percent
survival (A) of D. magna and average number (B) of neonates reared per adult are
presented. Error bars represent standard deviation and n = 24.
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food source, and the rate it was processed along with amount sorbed and excreted
(Randall et al., 1998). Results from this study and others indicated that the food-borne
uptake route was less significant than direct aqueous exposure (Escher et al., 2005;
Gomes et al., 2004; Khanal et al., 2006, Nimrod and Benson, 1998).
Aqueous exposure of E2
Generation 1
To better quantify the impact of aqueous E2 exposures to D. magna, initially a rangefinding experiment (run 1) was conducted to determine percent survival and reproductive
success of D. magna after exposure over a wide range of E2 concentrations. Survival of
D. magna declined slightly with increasing E2 exposure concentrations, except for D.
magna exposed to 55 ng/L E2 (Figure 4-2A). Survival declined below 40% for D.
magna exposed to1000 ng/L E2, which was the only E2 level significantly (p ≤ 0.05)
different from the control. The fecundity of D. magna directly exposed to E2 declined,
with the average number of neonates/adult decreasing at E2 exposure concentrations > 55
ng/L (Figure 4-2B). At lower E2 exposure concentrations (5.5 and 50 ng/L), the
fecundity of treatment organisms was similar to that of control organisms.

121

Figure 4-2 Generation 1, Run 1. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation from the mean and n = 12. Statistically significant differences (α
< 0.05) among means are noted by different letters.
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After conducting the range finding test, an E2 concentration range (30 to 1000
ng/L) was selected to determine specific effective E2 concentrations to D. magna (run 2).
The response of exposed first-generation (G1) organisms was similar to the first
experiment in that survival declined with ascending E2 concentrations. However, the
percent of organisms that survived was drastically reduced with E2 concentrations ≥ 250
ng/L (Figure 4-3A). Percent survival declined to 8% at 1000 ng/L in contrast with 38%
survival at similar E2 concentrations during the first run. Because survival at higher E2
exposure concentrations was so dramatically reduced, the reproductive success of G1 and
further investigation of the second-generation (G2) of organisms were only conducted for
E2 concentrations of 30, 60 and 125 ng/L. Fecundity of D. magna declined significantly
(p ≤ 0.0001) from control organisms at 60 and 125 ng/L E2 exposures (Figure 4-3B). An
additional experiment (run 3) was conducted to verify potential effects of E2 to D.
magna. The E2 concentration range evaluated incorporated exposure concentrations
utilized in both run 1 and run 2 to facilitate more in-depth analyses.
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Figure 4-3. Generation 1, Run 2. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 12. Statistically significant differences (α < 0.05) among
means are noted by different letters.
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Survival of G1 exposed D. magna remained greater than 60% for all exposure
concentrations, except 100 and 500 ng/L, which were significantly reduced (p ≤ 0.0001)
in comparison with the control (Figure 4-4A). Fecundity of the G1 organisms was only
slightly reduced, with average neonate production per adult decreasing with increasing
E2 exposures (Figure 4-4B). During this exposure, E2 did not influence survival of D.
magna; however, E2 did decrease fecundity, especially of organisms exposed to higher
aqueous concentrations.
Additionally, LC50 and LOEC values were determined for G1 - Run 1, 2 and 3;
and runs combined for G1 (Table 4-2). The LC50 for run 1, 2 and 3 (G1) ranged from
62.5 to 93.7 ng/L and LOEC from 25.0 to 31.0 ng/L. When the three runs were
combined, the values for LC50 (75 ng/L ± 0.49) and LOEC (25 ng/L) were in the range of
the individual runs. Overall, survival decreased as E2 concentrations increased for G1
and demonstrated same behavior as the individual runs (Figure 4-5).
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Figure 4-4. Generation 1, Run 3. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 24. Statistically significant differences (α < 0.05) among
means are noted by different letters.
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Table 4-2. Chronic LC501and LOEC2 (21 day) values for Run 1, 2 and 3 (Generation
1 and 2) and combined runs of D. magna experiments. The standard deviation is
provided for LC50 in the parenthesis.
Generation 1

Generation 2

LC50 (ng/L) LOEC (ng/L) LC50 (ng/L) LOEC (ng/L)
Run 1

75.0 (0.49)

5.5

55.0 (0.06)

5.5

Run 2

93.7 (0.49)

31

31.0 (0.07)

15.5

Run 3

63.5 (0.50)

25

62.5 (0.49)

25

Combined

75.0 (0.49)

25

58.6 (0.50)

15.5

1

LC50 – Lethal concentration that kills 50% of organisms.

2

LOEC – Lowest observable effective concentration.

In all G1 experiments, E2 exposures at high concentrations affected reproductive
efforts of the D. magna. Reduction in reproductive efforts may impact ecological
balance and have long term impacts on D. magna population dynamics and its place in
the food chain. Daphnia magna represents a specific level of hierarchy in food chain
pathways and this reduction in fecundity may influence shifts in pathway dynamics.
Shifting or breaking this pathway would lead to increased pressure on other food web
organisms or future extinction of critical higher animals.
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Figure 4-5. Combined (Run 1, 2, and 3) percent survival of first generation D.
magna. Exponential slopes are represented in each graph and confidence of fit is
represented by the shaded areas. Percent survival is presented as an exponential
slope, the confidence of fit is represented by the shaded areas and error bars
represent standard deviation.

Generation 2
In previous studies, most toxicity tests were performed primarily on first
generation organisms with no further investigation performed to establish effects of the
toxicant on future generations of the organism. However, a G2 experiment was
performed to further investigate potential generational effects of E2 on D. magna. The
experiment utilized < 24-hour old neonates collected from individual treatments from
generation 1 experiments. One group of D. magna was continuously exposed (ContE2)
to the same E2 concentrations as generation one (G1) and another group was reared in
clean MHW (CeaseE2), ceasing E2 exposure. The percent survival of G2 D. magna
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reared in MHW increased when compared to D. magna under continued E2 exposure
(Figure 4-6A). The CeaseE2 D. magna had similar survival to control organisms, for all
treatment levels. The percent survival of ContE2 D. magna declined with increasing E2
concentrations (Figure 4-6A). Fecundity of ContE2 D. magna diminished significantly in
comparison with both control and CeaseE2 (Figure 4-6B). The average number of
neonates produced per control and CeaseE2 D. magna averaged between 40 and 50
neonates/adult; these fecundity numbers were similar to those of the G1 organisms. The
reproductive success of ContE2 organisms decreased to below 20 neonates/adult, which
was significantly (p ≤ 0.0001) different from the G2 control. There were no carryover
effects of E2 exposure on survival and reproduction of CeaseE2 test organisms; however,
the percent survival of organisms exposed to both 5.5 and 1000 ng/L E2 increased
significantly (p ≤ 0.0001) in comparison with both the control and ContE2 exposed
organisms. For ContE2 organisms, percent survival was significantly (p ≤ 0.05) lower at
treatments of 55, 500 and 10000 ng/L.
When the G2 experiment was repeated, only organisms from exposures of ≤ 125
ng/L were included, because the G1 organisms exposed to higher concentrations did not
survive or produce adequate neonate numbers for experimental replication. Of the G2 D.
magna included in this experiment, survival for both ContE2 and CeaseE2 treatment
organisms was > 60% and similar to survival of control organisms (Figure 4-7A).
Fecundity results were similar, as no significant (p ≤ 0.1441) difference in average
neonates/adult was recorded. Though not statistically significant, approximately 10 more
neonates/adult was recorded for CeaseE2 organisms (Figure 4-7B).
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Figure 4-6. Generation 2, Run 1. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 12. Statistically significant differences (α < 0.05) among
means are noted by different letters.
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Figure 4-7. Generation 2, Run 2. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 12. Statistically significant differences (α < 0.05) among
means are noted by different letters.
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The survival and fecundity of G2 D. magna were evaluated again, with exposure
concentrations that encompassed values incorporated in both the first and second runs.
The potential for population level impacts were verified in run 3. The percent survival of
D. magna was above 60% for CeaseE2 organisms at all levels and was similar to control
organisms for all but the 10000 ng/L exposure, where survival actually increased (p ≥
0.0001; Figure 4-8A). For ContE2 treatment organisms, survival was consistent for
lower E2 concentrations, but declined to less than 60% at 250, 500 and 1000 ng/L (Figure
4-8A). Though CeaseE2 organism survival percentages were lower than control survival,
these differences were not statistically significantly different. The only organisms that
differed significantly were ContE2 organisms exposed to 5 ng/L, which had 100%
survival. This increase in survival at low concentrations may be attributed to hormesis –
a process for which a compound has the opposite effect in small doses as in large doses.
It is assumed that low doses of toxins might activate the repair mechanisms of the body.
The repair process fixes the damage caused by the toxin and any other low-level damage
that might have occurred (Calabrese, 2005). Average neonate/adult production was
significantly (p ≤ 0.001) higher for CeaseE2 D. magna when compared to ContE2 D.
magna (Figure 4-8B). CeaseE2 organisms at 5, 250 and 1000 ng/L E2 and ContE2
organisms exposed at all E2 concentrations were significantly (p ≤ 0.001) lower from
control organisms producing less neonates/adult.
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Figure 4-8. Generation 2, Run 3. D. magna percent survival (A) and average
number (B) of neonates reared per adult for increasing E2 concentrations in range
finding experiment. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 12. Statistically significant differences (α < 0.05) among
means are noted by different letters.
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Exposure to E2 decreased the survival and reproduction of both G1 and G2 D.
magna, especially at higher exposure concentrations in Run 1. At all treatment levels,
G2CeaseE2 organisms had significantly (p ≤ 0.05) higher survival (Figure 4-9A) and
fecundity (Figure 4-9B) than G1ContE2 and G2ContE2 treatment organisms. Similar,
but more impressive results were noted relating both the percent survival and
reproductive success of D. magna exposed during both G1 and G2 in run 2 (Figure 410A). Initial exposure of G1 to E2 resulted in significantly lower survival rates when
compared to both treatments of G2 (Figure 4-10A). Percent survival was considerably
higher in both treatments of G2. Reproduction levels were not significantly (p ≤ 0.05)
different at 30 ng/L for G1 and G2; however, they were significantly different at 60 and
125 ng/L E2 when compared to G1 (Figure 4-10B).
The percent survival of D. magna exposed to increasing concentrations of E2 in
run 3 was somewhat consistent among the 5 to 100 ng/L treatments (Figure 4-11A). At
E2 concentrations ≥ 250 ng/L, G2CountE2 organisms were more sensitive to E2, as
indicated by an increase in mortality. Reproductive success increased or remained
constant for G2CeaseE2 organisms, yet decreased overall for both G1 and G2 exposed
organisms in comparison to control organisms (Figure 4-11B). In a previous multigenerational study, D. magna were exposed to mg/L concentrations of diethylstilbestrol
and molting frequency decreased for G1 organisms and fecundity decreased for G2
organisms (Baldwin et al., 1995).
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Figure 4-9. Run 1- Summary comparison. Percent survival (A) and average
number of neonates/adult (B) for generation 1 and 2 D. magna at increasing E2
concentrations. n=24. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 24. Statistically significant differences (α < 0.05) for
means among treatments are noted by *.
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Figure 4-10. Run 2- Summary comparison. Percent survival (A) and average
number of neonates/adult (B) for generation 1 and 2 D. magna at increasing E2
concentrations. n=24. Percent survival is presented as an exponential slope (A) and
the confidence of fit is represented by the shaded areas. Error bars represent
standard deviation and n = 24. Statistically significant differences (α < 0.05) for
means among treatments are noted by *.
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Figure 4-11. Run 3- Summary comparison. Percent survival (A) and average
number of neonates/adult (B) for generation 1 and 2 D. magna at increasing E2
concentrations. n=24. Exponential slopes are represented in each graph and
confidence of fit is represented by the shaded areas. Statistically significant
differences (α < 0.05) for means among treatments are noted by *.
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Kashian and Dodson (2004)showed no effects on fecundity for D. magna exposed to 100
µg/L E2 for G1. In most studies effects of G1 organisms are widely recorded and in
some instances data for exposed G2 organisms are included, however few determine the
effects of ceasing exposure and examining recovery of the organism. Also, results from
previous studies indicate no-effect exposure concentrations of 100 µg/L which was much
different from this study.
LC50 and LOEC values were calculated for G2 organisms in these three studies
and runs combined (Table 4-2). The LC50 for run 1, 2 and 3 (G2) ranged from 31.0 to
62.5 ng/L and LOEC from 5.5 to 25.0 ng/L. When all three runs were combined, the G2
LC50 value was 58.6 ng/L ± 0.50), and the LOEC value was 5.5 ng/L. Survival decreased
as E2 concentrations increased for both G1 and G2; however due to the continuous
exposure G2, organisms seem to become more sensitive to exposure toE2, and slope is
greater for G2 (Figure 4-12). Results indicated a persistent negative effect on survival
from G1 to G2, with continued weakening of generational health by constant exposure to
E2. The LC50 and LOEC values for our experiments were not consistent with those of
other studies. The LC50 and LOEC for our G1 and G2 organisms were in the ng/L
concentration range and for others the LC50 and LOEC values were in the µg/L and mg/L
the concentration range (Baldwin et al., 1995; Dang et al., 2012; Escher et al., 2005;
Sakai, 2001). Radioimmunoassay analysis of environmental samples may facilitate
future work with significant compounds in environmentally relevant exposure
concentrations. The range for these tests was 0 to 3000 ng/L, with our lower detection
limit 10 ng/L. Evaluation of analysis with water samples using a traditional serum based
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kit was also significant with the outcome revealing positive results. As with many other
studies, a wide distribution of effective toxic levels was noted, thus need for increased
attention to experimental criteria and methodology must be appreciated.

Figure 4-12. Combined (Run 1, 2, and 3) percent survival of second generation D.
magna. Exponential slopes are represented in each graph and confidence of fit is
represented by the shaded areas. Percent survival is presented as an exponential
slope and the confidence of fit is represented by the shaded areas and error bars
represent standard deviation.

All three runs demonstrated the potential toxic effects of E2 to D. magna with
either decreased reproductive success for both G1 and G2 organisms or slightly reduced
survival. Exposures to E2 reduced the fecundity of D. magna during both the first and
second generation, but once the E2 stressor was removed D. magna were able to recover,
as demonstrated by increased reproduction rates that are similar to control organisms.
The same trend was prominent with percent survival, as organism survival increased once
exposure to E2 was removed in the second generation.
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Brennan et al. (2006) tested four estrogens (E2, diethylstilbestrol, bisphenol A and
4-nonylphenol). E2 and bisphenol A demonstrated no significant effects on fecundity at
concentrations (mg/L) tested in multi-generational chronic testing. This caused
contradiction with the results from this study and suggests no effects on reproduction
even at very high concentrations. The authors have no explanation for this due to limited
information based on outcomes of E2 and bisphenol A exposure to multigenerational D.
magna. The work by Brennan et al. (2006) was significant in examining multigenerational organism experiments and defined emphasis on this type of methodology.
Multi-generational testing should be included in toxicological assessment of compounds
as biota in ecosystems are exposed for multiple generations. If testing was concluded
after the first generation for this study, the intensification of toxicity in the subsequent
generation (such as increased mortality and decreased fecundity) would not have been
observed.
Another study examined exposure of E2 and other compounds to C. dubia and
results demonstrated no significant differences in mortality for levels of E2 in the mg/L
range (Jukosky et al., 2008). The researchers also examined reproduction and reported
that reproduction was negatively affected through E2 exposure. It is critical to examine
toxicological effects and determine conditions of experiments for each experiment to
clarify compound effects on organisms. Many studies conducted for specific compounds
prove different findings and it is important to have a clear insight to specific methodology
used in each study to interpret results correctly.
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Overall, results from this study differed from previous studies. Higher mortality
percentages and greater reduction in reproductive success at ng/L exposure levels was
experienced, unlike previous studies in which mortality and lower reproductive rates
were induced with E2 exposures in the mg/L range (Dang et al., 2012; Gomes et al.,
2011; Sakai, 2001). Daphnia mortality from E2 exposure from first to second generation
organisms is hypothesized as a weakening of the first generation via E2 induced damage
to DNA at the cellular level (Brennan et al., 2006). The fecundity of D. magna in this
study declined as exposure to E2 increased; these results differ somewhat from other
studies, where number of offspring was not reduced, even in the µg/L range (Kashian and
Dodson, 2004).

Conclusions
The potential pathways for E2 to detrimentally influence D. magna populations
are not through food-borne exposures, but rather through aqueous exposure. Findings
reported in this chapter and in Chapter 3 provide insight into a unique polishing technique
for wastewater treatment. In addition, the contaminated algae could be harvested directly
and processed for biofuel production. Algal production for the manufacture of alternative
fuels has gained interest and been widely accepted because of being termed a renewable
resource. However, due to excessive heat energy needed to first dry the algae before the
oil extraction process, a more simplistic process could be used that involves less energy.
This process consists of harvesting and using algae as a feedstock for culturing
invertebrates and then processing and extracting lipids or oil from invertebrates for
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biodiesel production. There is a good possibility of using this technique due to results
found in the food-borne study in chapter 4. The treatment system could be managed to
maintain an active algae stock for polishing wastewater and intermittently harvested and
processed for fuel production.

This process has been well documented to successfully

extract and concentrate lipids from invertebrates for biofuel production (Beecher and
Brune, 2012).
The three experiments were conducted to better characterize generational effects
of E2 exposure to D. magna indicating that potential generational effects are possible,
with carryover to the second generation with continued exposure. When E2 exposure
ceased, D. magna recovered almost immediately and reproduced at levels similar to
control organisms. Examination of multiple second generation sample populations in this
study enhanced the understanding of how E2 impacts a model invertebrate species.
Sequential D. magna generations were able to recover from chronic exposures to E2 and
reproduction numbers were reestablished comparable to control numbers. This study
demonstrates that organisms are able to recover from exposure to E2 and it is possible
that ecosystems impacted by EDCs may recover if the stressor is removed or exposure
concentration reduced. It is yet to be determined whether E2 accumulated in D. magna
tissue or simply altered metabolic processes, thus potential biomagnification of higher
food-web organisms cannot be determined from the data presented in this study.
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CHAPTER 5: OVERALL CONCLUSIONS AND FUTURE
RECOMMENDATIONS

Conclusions
1. Radioimmunoassay analysis was sensitive and accurate enough to be used to
analyze E2 in experiments.
2. Clay was best substrate for sorption and biodegradation of E2 during both short
and long-term exposure scenarios.
3. Wastewater containing biofloc was the best substrate for removal of E2 when
wastewater from Clemson wastewater facility was used for testing.
4. Increased removal of E2 in solution occurred with an increase in algal densities.
5. Algal density declined with increasing concentrations of E2.
6. Pseudokirchneriella subcapitata facilitated reduction of E2 in solution via a
combination of both sorption and biological metabolism.
7. The LC50 for Daphnia magna exposed to E2 for 21 days was 75 (± 0.49) ng/L
and 58.6 (±0.50) ng/L for the first and second generation, respectively. E2 had
multigenerational effects (survival and reproduction) on survival of D. magna.
8. The pathway for E2 to detrimentally influence D. magna populations was through
bioconcentration.
9. Increasing concentrations of E2 negatively affected survival and reproduction for
generation 1 D. magna.
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10. Generation 2 D. magna not exposed to E2 fully recovered, however reduction in
survival and reproduction continued for exposed generation 2 D. magna.

Future Recommendation
The findings from this research give solutions for reducing 17-β estradiol (E2) in
wastewater streams. Sorption of E2 from solution to a substrate was successful. The
clay substrate efficiently sorbed E2 during both short and long-term exposure scenarios
and reduced it more thoroughly via biodegradation in fixed bed bioreactors. Clay was the
best substrate of those tested for use in fixed bed bioreactors because of a combination of
enhanced sorptive and biodegradative processes. The biological activity essential to
wastewater treatment plants may be adequate to reduce concentrations of endocrine
disrupting compounds (EDCs) if retention time within the sludge or clarifier were
increased. Increased residence times along with a robust activated sludge unit could
possibly prove to be the best solution for reducing the concentration of E2 in current
treatment plant effluent. However, due to the limited holding capacity of these systems
and lack of land or funds for expansion, EDC removal will likely not be improved
without regulations mandating concentration limits.
Algae-aided removal of organic micro-contaminants via sorptive or
biodegradative mechanisms may be a good treatment process for tertiary treatment
applications within wastewater treatments plants. 17-β estradiol was successfully
removed from an aqueous matrix after exposure to algae at increasing densities. Initial
removal of E2 at various concentrations with a single algal density was almost complete
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at lower concentrations; however, increasing E2 concentrations seemed to delay the
removal rate at higher E2 concentrations, although 80 to 100% removal rates were
eventually reached after 24 hours. Live algae both sorb and metabolize E2 via cellular
processes; these processes may prove beneficial for overall removal of E2 from
wastewater. Increasing E2 concentrations decreased algal cell density; thereby
potentially influencing food web dynamics and affecting the balance of higher level
organisms.
Potential generational effects to Daphnia magna are possible, with carryover to
successive generations if exposure to E2 continues. When E2 exposure ceased, D. magna
recovered almost immediately and reproduced at levels similar to control organisms. Our
examination of multiple second generation sample populations enhanced our
understanding of how E2 impacts a model invertebrate species. Recovery from E2
effects is possible. This recovery allows an increase in population fitness, as measured
by survival and fecundity.
Overall, these experiments gave insight into processes that show promise for
treatment and reduction of E2 in wastewater streams. The clay medium could be used
alone to provide sorption or be used as a substrate supporting biodegradation.

The clay

material quickly sorbed E2 from solution and may have an extended sorption capacity;
clay facilitated removal of E2 from solution as effectively as activated carbon (reported
removal). The use of clay permits a combination of sorption and biodegradation
processes to remove E2 from solution, and a properly designed treatment system can
utilize different stages or conditions of the medium to establish an immediate removal or
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sorption, an intermittent period that combines sorption and biodegradation, and a
conditioned or acclimated step for primary degradation of E2. Future tertiary treatment
of wastewater can include a specially designed packed bed biofilter containing clay
medium or a constructed wetland using it as a root-bed substrate. Clay medium should
also be investigated for removal of other prevalent hormones and organic compounds
found in wastewater effluent.
Algae are a renewable resource that can be an essential tool in reducing harmful
compounds in solution and also be used a medium for alternative fuel production.
Contaminated algae can be harvested directly and processed for biofuel production. The
system could be managed to maintain an active algae stock for polishing wastewater and
intermittently harvested and processed for fuel production. Furthermore, with the
excessive energy needed to extract oil form algae, a more simplistic process can be
investigated which utilizes algae harvested as a feedstock for invertebrates and then
processing the invertebrate for biodiesel production. This process has been documented
to successfully extract and concentrate lipids for fuel production.
The potential pathways for E2 to detrimentally influence D. magna populations
are not through food-borne exposures, but rather through aqueous exposure. Three
experiments were conducted to better characterize generational effects of E2 exposure to
D. magna. Generational effects occurred, with decreased survival and fecundity in
second generation organisms with continued exposure to E2, and almost complete
recovery when exposure was ceased. The examination of multiple second generation
sample populations enhanced our understanding of how E2 impacts a model invertebrate
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species. These findings provide a strong argument for multi-generational testing to
investigate impacts of compounds on organism population dynamics. Also, significant
finding might be overlooked due to “no effect” conditions for first generation, however,
negative end-points may develop within second generation organisms. Multi-generation
testing is critical and should be adopted to gain a more complete understanding of effects
on organisms and future offspring.
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